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%'e have measured the temperature and dc magnetic field dependence of the parallel and perpen-
dicular ac susceptibilities of the spin glass Cu —5 at. % Mn at a frequency of 30 Hz. The tempera-
ture range is above and below Tg, the spin-glass transition temperature in zero field. From an

analysis of these ac data, in conjunction with that for the dc magnetization, we are able to determine

the T and 0 dependence of a quantity we identify as the intrinsic magnetic remanence, M~~. The
advantage of studying M~R is that it is determined at each measurement frequency by time-

independent measurements. %'e find M&R obeys the simple power-law relation M~8 ~ (1—T/Tg )' 2

for all T g Tg. %e also have determined the T and H dependence of the total anisotropy constant
and find that it obeys a linear relation which extrapolates to zero near Tg, in contrast to a much

higher temperature found from ESR measurements at 9 GHz. %'e suggest that a systema'tic study
of M&R over an extended frequency range should provide a valuable set of data for gaining insight

into the complex time dependence of spin-glass variables.

I. INTRODUCTION

At present there is still a considerable lack of
knowledge of the experimentally determinable time (or
frequency) dependence of the spin-glass state, and a corre-
sponding lack of understanding of the appropriate
theoretical description as well. ' In this paper we present
measurements of the ac susceptibility (both parallel and
perpendicular to the dc field) for a frequency of 30 Hz
over an extensive range of dc field and for temperatures
above and below Tz, the spin-glass transition temperature
in zero field. We also measure the dc magnetization as a
function of dc field and temperature. From an analysis of
these data we are able to determine the temperature
dependence of the intrinsic (magnetic) remanence MiR
(defined explicitly below) and the anisotropy constant E
(both) corresponding to the frequency of measurement,
i.e., 30 Hz. We find that the intrinsic magnetic
remanence is well described by a power law,
MiR ~(1—T/Tz)', and that the anisotropy energy ap-
pears to go to zero at Tz, in distinct contrast to the
behavior found at very high (e.g. , ESR) frequencies.

The advantage of our approach, based on the deter-
mination and subsequent utilization of the intrinsic mag-
netic remanence is that we are able to make time-
dependent measurements (at any given frequency) and
thereby obtain meaningful results much closer to Ts than
has hitherto been possible. Although we only report a
complete set of data at one frequency (30 Hz), we have
made preliminary measurements at frequencies as diverse
as 700 and 10 Hz, and believe that our approach may
be readily extended to a larger frequency range. We sug-
gest that the appropriate theoretical analysis of such a set
of data may be most valuable in understanding the spec-
trum of relaxation times underlying the dynamics of the
spin-glass state.

%'e will present data for the temperature and dc field

dependence of both the parallel and perpendicular ac sus-

ceptibility and dc magnetization for several Cu-Mn spin-
glass alloys. Our analysis of these data is based on the an-
satz that the total magnetization may always be represent-
ed as the sum of a reversible and irreversible component
in a manner discussed by Duynenveldt and Mulder. Be-
fore we can present the data we first introduce our defini-
tions and operational procedures in some detail.

A given ac susceptibility is defined as the differential
magnetization at the frequency, and in the direction of,
the corresponding applied ac magnetic field. When the ac
field, h(to), is parallel to the applied dc magnetic field, H,
we measure 7~~, the parallel susceptibility. When h is per-
penidcular to H, we measure 7&, the perpendicular sus-
ceptibility. We also measure the dc magnetization, Md„
for a given constant H, as a function of temperature, and
their ratio will be referred to as gd, .

Examples of typical data are presented in Fig. 1. Curve
(a) represents X~~ as measured for zero applied dc field,
and exhibits the well-known peak at the zero-field spin-
glass transition temperature, Ts. Curves (b), (c), and (d)
are all for an applied dc field H= 1.2 kG, and represent
respectively, 7I~, gz, and gd, .

We may note the extensive suppression of X~~ by the ap-
plied dc field, and that there is a T-independent region
which abruptly changes slope at a temperature which is
well below Tz. We have suggested that this temperature
represents Ts(H), i.e., the spin-glass transition tempera-
ture in finite field. In the paper of Ref. 5 we identify the
transition as occurring at the divergence of a new rota-
tional correlation length associated with the internal field,
and have developed a theoretical model and interpretation
which quite satisfactorily predicts Ts(H) from an analysis
of the X~~(H T) and Md, data.

We now seek to establish several interesting relations
among the various susceptibilities. However, we must dis-
tinguish the temperature region above and below Te(H)
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FIG. 1. Typical data of the three susceptibilities measured in

this study as a function of temperature. {a) The parallel ac sus-

ceptibility, g~~, in zero applied field. {b), {c),and {d) are all mea-
sured in a field of 1.2 kG and represent respectively, g~~, g&, and

gd, . {These g and their relationships are defined explicitly in the
text. )

FIG. 2. The geometric relations for the magnetization and
magnetic field corresponding to g&. {a) The relationship of the
ae and dc magnetization components, m„„andM„„,corre-
sponding to the field valves when the temperature is above Tg.
{b) The relationship of the irreversible components of the mag-
netization, m iR and M&~, to the ac field, h, the applied field,
Hd„and the anisotropy field, H„when the temperature is
below Tg.

separately.
Case a: T~ Ts(H). Above the spin-glass transition

temperature Ts(H), the total magnetization Mz is regard-
ed as being completely reversible for the frequency of the
ac measurements. [Hence, Mr is always parallel to the
instantaneous total applied field, Hr ——H+h(co). ] Since
X~~

——de/dh =dMd, /dH, if one measures X~1 as a func-
tion of H we may determine Md, (H) either by a direct
measurement in the field H, or by evaluation of the in-
tegral of X~~ with respect to H. We shall refer to that part
of the ma netization that can be so evaluated as
M„„(H)= X~~(m)dH, i.e., the reversible magnetization

0
corresponding to the applied dc field, H. (If we divide
M„„byH we obtain X„„.)

We now establish the relationship of Xi to the quanti-
ties just discussed. In Fig. 2(a) we illustrate how, when
h(co) is applied perpendicular to H, there is a correspond-
ing perpendicular component of Mr labeled as m„,„.As
can be seen,

H
X =m„„/h=M„,„/H=(1/H)I X(~dH .

Thus, above Tg(H) we see that Xi ——X„„andshould equal
Xd„which imposes an important self-consistency test of
the data. (As can be seen in Fig. 5, our data agree with
this relation to within the experimental uncertainties. )

Case b: T&Ts(H). Below Tg(H) it is observed that
there is an irreversible component to the magnetization,
and an associated anisotropy energy. At temperatures
below =Tz/2, the irreversible magnetization may be
readily demonstrated by simply turning off the applied dc
(cooling) field, and measuring the thermal remanent mag-
netization (TRM). Alternatively, the sample may be
cooled in weak fields to T(&Ts, subjected briefly to a
larger field (H = 10 Kg), turn off the field and an appreci-
able isothermal remanent magnetization (IRM) will result.
Such TRjM and 1RM studies have also revealed that the
remanence decays or grows with a logarithmic time

dependence. The characteristic time scale of the decay,
however, is a function of temperature, and the combina-
tion of a smaller remanence and the faster decay rate
eventually prevent an accurate determination as one ap-
proaches Tz.

We adopt an alternate approach to the study of the
remanence in spin glasses which circumvents the difficul-
ties just described. We define an intrinsic remanence,
MiR(co) which may be readily determined at fixed fre-
quency and arbitrary T and H by a measurement of the
Md, and the field dependence of X~~. Here Md, is the
field-cooled magnetization. Because the cooling field, H,
is always fixed, Md, is independent of time. Once MiR is
known, one can then interpret the X~ data to determine
the anisotropy constant as a function of T and H.

We assume that the dc magnetization at any T and 0
may be represented as the sum of a reversible and an in-
trinsic irreversible magnetization component. The key
concept is that if we identify the reversible component,
M„„(co),as being determined with respect to a particular
time scale (or frequency), then the intrinsic irreversible
component MiR(co) is similarly so associated. Thus, we
may write (for all T and H) and field co,

Md, (H, T) =M„„(co,H, T)+MiR(co, H, T),
and using M„,= g~~dH we have

0

M,„(,H, T)=M,(,H, T) JX (,H, T)dH—.

If we divide all quantities in Eq. (1) by H we obtain the
intrinsic irreversible susceptibility Xia(co,H, T). We may
alternatively think of this irreversible magnetization com-
ponent as an intrinsic magnetic remanence, since it
represents that component of the total magnetization that
does not respond in time, at least over the scale set by the
measuring frequency. Thus, if the dc field were turned
off in a time comparable to the period of co, one should
find a remanence, M„,very nearly equal to MIR.
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FIG. 5. A comparison of the quantities gd, (open symbols)
and g~ (closed symbols) for the three dc field values indicated in
the figure, as a function of temperature for a Cu —5 at. % Mn
spin-glass sample. (The data points are connected by fine lines
as a guide to the eye. ) The circles, triangles, squares represent
0.4, 0.8, and 1.2 kG dc field, respectively. The heavy lines are0
values obtained by evaluating P„„=(1/H) &~~1H. We see

0
that the three quantities gd„gq, and g„,all agree within the ex-
perimental error for temperatures above T~.
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FIG. 7. {a) Values of g~~ as a function of applied dc magnetic
field for several values of temperature, all below T~. Note this
sample is for a Cu 5 at. % Mn —0.5 at. % Ni alloy, but is typical
of that found for all the pure samples studied as well. The

f0
g~~dH is evaluated from the area under such curves as these.

0
{b) The data of part (a) plotted as shown by the labeled axis. We
find these data to be well represented by the scaling relations, as
discussed in the text, with 5'=2 and y' = 1.
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FIG. 6. {a) Values of +I~ as a function of applied dc magnetic
field for several values of temperature, all above T~. The in-

H
tegral +~IdH as drawn in Fig. 5 (solid lines) for example,

Q

were obtained by integrating these curves. {b) The data of Fig.
6(a) plotted as shown by the labeled axis. We find the data well
represented by the scaling (Ref. 11) with 5=3 + 0.8 and

y =1.85 + 0.5.

FIG. 8. The intrinsic magnetic remanent susceptibility, piR as
a function of temperature for several values of applied dc field.
The triangles, open circles, and closed circles represent H=0.4,
0.8, and 1.2 kG, respectively. The procedure by which g&R is ob-
tained from the g~~, g&, and gd, data is described in the text in
detail. %'e note that g&R

——b(1 —T/T~)' with the values of b

and a as given in the insert table. We regard a as equal to 2 to
within the experimental errors, suggesting a very simple power-
law dependence for giR.
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enced by the initial oscillator. A digital voltmeter DVM
(10) is used for monitoring the coil voltages. The residual
pickup signal due to imperfect balancing of the coils is
further canceled by adjusting the variable attenuator and
phase shifter to produce a minimum output at tempera-
tures well above T~. The phase of the lock-in amplifier is
set to detect the in-phase signal component at the same
temperature. %hen using FET electronics for zero ap-
plied field, our sensitivity for the susceptibility was
3 X 10 emu/G ac field. At an applied field of 1 kG the
sensitivity was significantly reduced to 10 emu/G ac
field. For measurements made utilizing the SQUID sus-
ceptometer, the sensitivity in zero field was 10 emu/G
ac field and in an applied field of 5 kG, 10 emu/G ac
field.

In Fig. 4 we present a scale diagram of the coil and
sample arrangement. The sample (6) was moved back and
forth between the two astatically wound coils (1) by a
string (2) that was actuated outside the helium Dewar.
The primary coil (3) was coaxial with the pickup coils.
The assembly was contained within a constant-
temperature shield (7) made of fine copper wires and

epoxy so as to eliminate eddy-current pickup. The tem-
perature was sensed by resistive elements, and suitable
heaters are placed on the shield and in the helium to allow
setting and stabilizing the temperature between 1.5 and 77
K.

perature for several values of the applied dc field. The
solid lines are fitted to these data using the relation
X,R b——[Tg(H) —T], and the corresponding values of a,
b, and Tg(H) are shown in the insert. We note that the
values of a are all equal to —,. The experimental uncer-
tainties are for a+0.05, and for b+1)(10

In Fig. 9 we present values of K obtained via different
procedures as a function of temperature. The open sym-
bols represent values obtained via use of Eq. (2) as follows.
At a given T and H, Xz is measured, and we evaluate

H(1/H) X~~dH from a set of X~~ data such as in Figure
0

6(a). We also have measured Md, and thereby determine

M&R via Eq. (1). Thus we have all the quantities needed
to obtain K in a finite H. The solid circles represent the
results of another set of Xj measurements made in zero H.
Here we turn off the field, wait 30 min. (for M„to effec-
tively stabilize) and then measure X~. The value of M„
being relatively insensitive to the exact time, is measured
separately in a SQUID dc magnetometer. Under these
conditions Eq. (2) reduces to:

Xi ——Xii+M, /IC . (3)

%e note that the limitation to this procedure at higher
temperatures is the rapid decay rate of M„but that over
the T range for which data were available there is satis-
factory agreement with the values of K deduced in zero H
up to 1.2 kG.

The solid squares represent values of It: deduced from
ESR data taken at 9 GHz following the procedure intro-

III. EXPERIMENTAL RESULTS
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FIG. 9. The anisotropy energy constant as a function of tem-
perature for a Cu —5 at. % Mn spin-glass sample. The solid cir-
cles are values deduced via Eq. (3) where the remanent magneti-
zation is measured in zero field. The open symbols represent
values of E deduced via Eq. {2) and utilizing the MqR as ex-
plained in the text. (The open triangles, circles, and squares
represent 0.4, 0.8, and 1.2 kG de applied field, respectively. ) %'e

regard all these data to be within the experimental errors and
well represented by the relation A (T)=E(0)(1—T/Tg). The
solid squares represent E deduced by ESR measurements at 9.5
GHz as explained in the text. One sees that although both sets
of data agree for E(0), there is marked disagreement at tem-
peratures near and above Tg.

In Fig. S we present data which illustrates the compar-
ison of the quantities ys (open symbolsl, yt (oiosad sym-
bolst, and y„„=-(t/H) yrdH (soiid tine) for a Cu—y-

e
at. % Mn sample. The three sets of data are for an ap-
plied dc field of H=0.4, 0.8, and 1.2 kG, respectively.
(These data points are connected by fine lines as a guide to
the eye. ) The integral of X~~(H) is obtained numerically
from the smoothed data such as that illustrated in Fig.
6(a) (for T & Tg ), and analogous sets of data for T & Tg,
and is represented by the heavy curves. As discussed in
Sec. II we expect X„„,the susceptibility formed from the
integral of X~~, to equal Xd, ——Xz for all T) Tg, and we re-
gard the agreement as shown in Fig. 5 as confirmation of
this assignment. Below Tg, we attribute the deviation be-
tween Xd, and X„„to the presence of remanence, and have
defined the difference as X~R. Below Tg we attribute the
deviation between Xz and X„„to the presence of both
remanence and anisotropy energy, and determine E via
their difference utilizing Eq. (2).

In Fig. 6(b) we have replotted the data of Fig. 6(a) in
the manner indicated by the labeled axis, and one sees that
they obey a scaling relation. " The values of 5 and y so
obtained are 3+0.8 and 1.85+0.5, respectively. In Fig.
7(a) we present representative data for X~~ for T & Ts, for a
sample of Cu —5 at. /o Mn —0.5 at. %Ni. In Fig. 7(b}
these data of Fig. 7(a} are replotted in the manner indicat-
ed by the labeled axis. Here we take the scaling relations
for the x axis to be of the form f[H /(Tg T)r], —
whence we find that these data are well fit with 6'=2 and

=1.
In Fig. 8 we present our values for X~R obtained from

the difference between Xd, and X„,as a function of tem-
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K( T)=K(0)(1—T/1. 34Tg ) (measured at 9 GHz)

(4b)

In Fig. 10 we present the result of measurements
wherein we checked as to whether the anisotropy energy
of the system remains constant during an interval where
the magnetic remanence is allowed to decay. The tem-
perature was reduced from well above Tg to the T of in-
terest. Then the field was turned off and M„was mea-
sured in the SQUID magnetometer as a function of time.
[These data are the solid circles in Figs. 10(a) and 10(b).]
In the ac apparatus we also measured Xi for the identical
field-time sequence. We also measured X~~, and from these
sets of data determined the K values corresponding to
each measuring time via Eq. (3). As can be seen, K does
not decay in time to within the experimental uncertainty.
(Note that since K depends on M„,this is a fairly good
test procedure, despite the small percentage dcx:ay of M, .)

In the course of making the measurements just
described, we were able to test whether X~~ is a function of
M, . We found that at 10 K, over the time period during

{a}

LO ~

0

() 0 t) ()

-1500

E

hC

~ i&00

050

10
- oooo

30 50 70 100 130
( min}

FIG. 10. (a) The time dependence of the magnetic remanence
in zero field, M„(leftaxis) and the anisotropy energy constant,
E, (right axis) at a fixed temperature of 10 K. (b) The time
dependence of M, and K similar to that in part (a}, but for
T= 14 K. %'e note that although there is an appreciable percen-
tage decay in M„Eis determined to be time invariant to within
the experimental uncertainty.

duced by Schultz, et al. In their analysis they have
shown that K=5HM(HO), where 5H is the shift of the
ESR resonance from the high-temperature ESR resonant
field, Ho, and M(HO) is the total magnetization measured
in the field Ho.

From the data of Fig. 9 we find we may represent the
temperature dependence of K ( T) as

K( T) =K(0)(1—T/Tg ) (measured at 30 Hz) (4a)

which M, decayed by 10%, X~~ was constant to within
To further test this important point, we performed

an auxiliary experiment. We cooled the sample in 20 kG
(thereby making the largest M„that we could), and mea-
sured X~~ within several minutes following turning off the
field. We then compared this value with X~~ measured at
the same temperature, but cooled in zero field. Again, we
found the same value of X~~ to within our experimental un-
certainty ( —,

' %).
We (and others) have explicitly assumed that X~~ itself is

isotropic. While this symmetry is inherent to the model
of triad dynamics' ' proposed for spin glasses, and not-
withstanding the confirmation' ' of its key prediction of
a longitudinal ESR mode, we felt it worthwhile to attempt
some additional checks. In addition to taking data for h
at 90' to H, we took data at an angle of 4S'. We found
that the 45' data, when suitably analyzed, yielded the
same value of K as that from Xi, thus confirming that the
reversible part of susceptibility was the same at 45' and
90'.

IV. DISCUSSION

We regard the temperature dependence of XiR and K as
presented in Figs. 8 and 9, respectively, as being the prin-
cipal results of this work. Our commentary is as follows.

The excellent fit of the square-root relation for XiR is
extremely suggestive due to its simplicity. We believe that
similar data should be obtained at other frequencies and
for additional materials to see if this relationship is a
universal property of spin glasses. We do not know of a
theoretical model that predicts this behavior for X,R, but
it would be important to ascertain if the simple depen-
dence we have observed is contained within current
theoretical formulations of the spin glass state.

From Fig. 9 it is clear that E determined at 30 Hz ex-
trapolates to zero very near Tg, which is agreement with
torque measurements' but is in marked contrast to the
temperature dependence of the anisotropy constant de-
duced from the ESR data. On the other hand, we note
that if one extrapolates both curves to zero T they are in
close agreement. We again suggest that it would be very
worthwhile to perform similar experiments to those re-
ported here at intermediate frequencies in order to deter-
mine whether the temperature at which there is a peak in
the zero field X~~, the temperature at which K extrapolates
to zero, and that at which M~R extrapolates to zero all
have the same frequency dependence. ' It is possible to
conjecture that there really is an intrinsic remanence, re-
lavent to the time scale of the measuring frequency, at
temperatures mell above the Tg of 30 Hz. We might ex-
pect to find such an interpretation meaningful for fre-
quencies up to =1 GHz. Above 1 GHz, such as for the 9
0Hz ESR data presented here, one must be more careful
in the identification of MIR, since the intrinsic spin relax-
ation times, T& and T2 are both longer than the period of
the applied ac field.

V. CONCLUSIONS

From our detailed measurements of the temperature
and dc field dependence of the dc magnetization, parallel
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and perpendicular ac susceptibility, we have been able to
obtain the following principal conclusions for measure-
ments made at 30 Hz.

(i) X~~ is not a function of the magnetic remanence, even
under conditions where X~~ is a function of the dc magnet-
ic field.

(ii) Above the spin-glass transition tempera+re the Xd,.
as measured directly, the quantity (1/H) J~ X,tdH, and

X, all agree within the experimental uncertainties verify-
ing the self-consistency of the data, and the assumption of
a purely reversible behavior.

(iii) Below the spin-glass transition temperature, we

may determine an intrinsic magnetic remanence, MqR, via
time-independent measurement procedures, and this quan-
tity obeys the simple relation M,R ~(1—T/Ts)' over
the entire temperature range of measurement. '

(iv) Utilizing the MiR we are able to deduce values for
the anisotropy constant over a T range to within 10% of
Ts, and we find the simple relation K=K(0)(1—T/Ts).
The value of E at T =0 agrees with that obtained by ESR
methods, but is in marked contrast to the ESR relation at
temperatures above T~.

(v) The temperature field dependence of X~~ is well

represented by scaling relations both above and below Tg,

with the one below Tg being particularly simple.
(vi) At those temperatures at which the remanent mag-

netization decays a readily measurable amount, the aniso-

tropy energy remains unchanged.
In particular, we feel that the very simple relations

found for the temperature dependence of M,R and E indi-
cate that they may be central to a characterization of the
spin-glass state. Perhaps this simplicity also suggests that
these relations should be able to be readily deduced from
appropriate spin-glass models via physical reasoning.

%e believe these data illustrate that very interesting
properties of the spin-glass state may be studied via the
simultaneous measurement of the three susceptibilities,
Xd„X~~,and Xi, as a function of magnetic field and tem-
perature. We suggest that extension of this approach to a
broad range of frequencies would provide fuller insight
into the nature of the relaxation processes of the spin-
glass state, which remains an important problem to be ad-
dressed at this time.

ACKNOWLEDGMENT

This work was supported by the National Science
Foundation under Grant No. DMR-83-12450.

~C. A. M. Mulder, A. J. van Duyneveldt, and J. A, Mydosh,
Phys. Rev. 8 25, 515 (1982); E. D. Dahlberg, M. Handiman,
and J. Souletie, J. Phys. Lett. 39, L-389 (1978).

V. Cannella and J. A. Mydosh, Phys. Rev. 8 6, 4220 (1972).
3S. Schultz, E. M. Gullikson, D. R. Fredkin, and M. Tovar,

Phys. Rev. Lett. 45, 1508 {1980).
4A. J. van Duyneveldt and C. A. M. Mulder, Physica, 114$, 82

(1982).
5D. J. Yourn and S. Schultz, Phys. Rev. 8 34, 4771 (1986).
6F. Holtzberg, J. L. Tholence, and R. Tournier, Amorphous

Magnetism, edited by R. A. Levy and R. Hasegawa (Plenum,
New York, 1977), p. 155; R. Hoogerbeets, Wei-Li Luo, and R.
Orbach, Phys. Rev. Lett. 55, 111 (1985).

7S. Oseroff, M. Mesa, M. Tovar, and R. Arce, Phys. Rev. 8 27,
566 (1983).

SH. Alloul and F. Hippert, J. Magn. Magn. Mater. 31-34, 1321
(1983).

9In principle the free energy may contain both uniaxial and uni-

directional anisotropy terms. Since our measurements are
constrainted to very small angular excursions, I( represents
the sum of such possible terms.

''rl'he SQUID susceptometer is manufactured by the Biomag-
netic Technologies, Inc. Company.

"A. P. Malozemoff and Y. Imry, J. Magn. Magn. Mater. 31-34,
1425 {1983).

'2W. M. Saslow, Phys. Rev. Lett. 48, 505 (1982).
' C. L. Henley, H. Sompolinsky, and B. I. Halperin, Phys. Rev.

B 25, 537 (1983).
' E. M. Gullikson, D. R. Fredkin, and S. Schultz, Phys. Rev.

Lett. 50, 537 (1983).
' E. M. Gullikson, R. Dalichaouch, and S. Schultz, Phys. Rev.

8 32, 507 (1985).
' N. de Courtenay, A. Fert, and I. A. Campbell, Phys. Rev. 8

30, 6791 (1984).
' In unpublished work, E. Guillikson and S. Schultz in a study

of the temperature dependence of E deduced from ESR ex-
periments over a range from 2—18 GHz have shown a defin-
ite deviation from the simple linear behavior found at fre-
quencies near 9 GHz. However, a quantitative analysis for
temperature above Tg is quite difficult at the lower frequency
because of broader lines, less ESR shift, and possible sample-
preparation complications.

' We note that within a few tenths of degree of Tg, quantities
such as g~~ in zero field are very sensitive to the sample an-

nealing and history. We did not attempt to study such a de-

tailed behavior in this work.




