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Abstract:

Here we present a brief review on the method for studyirgaging dynamics of spin
glass phase using SQUID magnetometer. Typical exaroplesr recent results are also
shown.

The abbreviations used here are as follows.

FC. field-cooled

ZFC: zero-field cooled

TRM: thermoremnant magnetization
IRM: ithothermal remnant magnetization
tw: wait time

ts stop time

to age of the system

Ty spin freezing temperature

St): relaxation rate

Stretched exponential decay

l. DC magnetization Measurements
A.  Time (t) dependence oMzec(t) and Mrrwm (t)
€) Mzec(t, tw) after the ZFC aging protocol

The system is cooled from the high temperature wellvabilhe spin freezing
temperaturely to a temperatur@, in the absence of magnetic fieltl The system is
aged afl, for a wait timet, atH = 0. Then the magnetic field is turned ort at0 (the
aget, =t,). The ZFC magnetizatioMzrc(t) is measured as a functiontofl he relaxation
rateSrc(t) is derived from the relation
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Figure A (a) and (b) dependence of
Sfor 3.0 T<4.7K.H=1O0Oe. The
measurement ofyzec Vvs. t was
carried out after the ZFC aging
protocol (annealing of the system at
50 K andH = 0 for 1.2 x 18 s,
guenching from 50 K toT, and
isothermal aging foty = 2.0 x 18
s).t = 0 is the time just afted = 1
Oe is applied at [Ref. 2].
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(b) MrruM(t, tw) after the FC aging protocol

The system is cooled from the high temperature wellvabilhe spin freezing
temperaturely to a temperatur@y, in the presence of magnetic fiehtl The system is
aged afl, for a wait timet,, in the presence d¢i. Then the magnetic field is turned off at
t = 0 (or the ageé, =ty). The TRM magnetizatioMrru(t) is measured as a functiontof
The relaxation rat&rrm(t) is derived from the relation
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(a) Mgc vsS T measurement

The magnetization of the system is measured with dsitrg temperature while the

system is slowly cooled from the high temperatured a®veT, in the presence of the
magnetic fielcdH.
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(b) Mzrc vs T measurement

The system is cooled from the high temperature weNabgto a temperatur€m, in
the absence oH (= 0). The magnetic field is turned on @t = Tmn The ZFC
magnetizatiorMzec is measured as a function of temperature with incredsingm T =

H
A
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H i -
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Diagram 6
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(c)

Mtrm VST measurement

Figure C (@ and (b) T
dependence Ofyzrc and xrc at
variousH for Cuy sC0oy sCl-FeC
GBIC. H is applied along plane
(graphene basal plane)
perpendicular to the axis [Ref.
1].

The system is cooled from the high temperature wellvabilhe spin freezing
temperaturely to a temperaturé&n, in the presence of magnetic figl The magnetic
field is turned off afl = T,in. The TRM magnetizatioNry is measured as a function of
temperature with increasingfromT = Ty, atH = 0.
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(d) Mirm VST measurement

The system is cooled from the high temperature wellvabihe spin freezing
temperaturely to a temperatur@yi, in the absence of magnetic fiditl The system is
aged afT,, for a wait timet,, at H = 0. Then the magnetic field is turned orHaand
subsequently it is turned off. The IRM magnetizafibs(t) is measured as a function of
temperature with increasinigfromT = T, atH = 0.
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The system is cooled from the high temperature wellvabilhe spin freezing
temperaturely to a temperaturd; (the initial temperature) in the absence of magnetic
field H. The system is aged &tfor a wait timet, atH = 0. Then temperature is shifted



to the final temperatur@; (= T; £ 4AT) atH = 0. Immediately after the magnetic field is
turned on at = O (the agda, = ty), the ZFC magnetizatioMze(t) is measured as a
function oft atT =T;.

(@)  Mzec(t) under the positiveT shift

TH Mz itk under the positive T shift
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(b)  Mzec(t) under the negativeT shift



Mz it had under the negative T shift

f

T | —

AT

=

=

ta:tw

t=0

Diagram 10

10



S(t)

S (1)

Cu Co CI -FeCl GBIC
‘0.5 ‘0.5‘ 2 3

T T T T T ‘
0.48
0.441- oy, =
i %XZ% 1
s 4 iy N
L= 3 1
0.4f v IR
iAoggg &
b®*  H=50e t =3x10°sec
0.36 —
10 t(sec) 10
0'6 [ T T T \H‘ T T T \\H‘ T T \7
- (b) o T =3.75K |
’Ti=3-°*fg il " H=50e ]
! o434, Mt =3x10*sed
: 3.2 g A [} ﬁlﬁ’TT’l;IW' :
051 "o * 735 Fq g
- ° . O rrﬁ
0.4F - .
P4 l:”’ i
B X ]
I ’ Figure Dt dependence & atT; =
[ = ] 3.75 K under thd& shift fromT,; to

03— S Ti, whereT; = 3.0 - 3.9 K. (a}, =
10 ey 3.0 x 16 s. (b) tw = 3.0 x 10s.
e — The ZFC aging protocol is as
(c) follows: quenching of the system
1 from 50 K to T, and isothermal

aging atT =T, andH = 0 for t.
The measurement was startedt at
= 0, just afterT was shifted from
T, to Ts = 3.75 K and subsequently
. H (= 5 Oe) was turned on. (&

t =3x10" sec vs. AT for the case of positiva-

1 shift (tw = 3.0 x 18 and 3.0 x 10
s), whereT; = T; - AT (4T > 0) and
Ts = 3.75 K. The solid lines are
guides to the eye [Ref. 2].

t =3x10*sec
w

103\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 010203040506 07 0.8

AT (K)

11



D. Genuine TRM and ZFC magnetization measurement
(a) Genuine TRM measurement

The system is cooled from high temperature well abiQv® a stop temperaturg
(<Ty) in the presence of the magnetic field).(The system is aged &t= Ts for a wait
time ts. atH. Then the system is cooled frofgto a minimum temperatufBn, atH. The
magnetic field is turned off ann. The magnetizatioMrru(T, Ts, ts) is measured with
increasing temperature in the absencH.of

H
A
O=tet

H ot -«

FZ coaling

H=0 L ' BT

Tm Ts Ty
Diagram 11

The reference curve is measured as follows. The systewcooled from high
temperature well abovg, to Tmin in the presence dd. The magnetic field is turned off at
Tmin. The magnetizatioMrm(T, ref) is measured with increasing temperature in the
absence offl.

The genuine TRM magnetization is defined as the differdatweeMrrm(T, Ts, ts)
andMTRMrEf(T, rEf).

IM1em(T, Ts, ) = Mram(T; Ts, t) — Mrrm®(T). (3)
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Figure E T dependence of
MIMtrum(T;Tsty) [= Mrrm(T: Tsts) -
Mrrm©(T)], ts = 1.0 x 10 sec. 6.4
<Ts<9.1 K.H.=1 Oe. (a) 6.&
T<7.4K. (b) 7.6 T<8.3K. (c)
8.5<T< 9.1 K[Ref. 4].



(b) Genuine ZFC measurement

The system is cooled from high temperature well abiQve® a stop temperaturg
(<Ty) in the absence of the magnetic fiekti£ 0). The system is aged Bt Ts for a wait
time ts. atH =0. Then the system is again cooled fréyo a minimum temperatuBnin
at H = 0 The magnetic field is turned on Bti,. The magnetizatioMze(T, Ts, ts) iS
measured with increasing temperature in the preseride of

H
A
ZFC measurement
H
i >
Wi ZFG cooling
H=0 - - > T
Tmin Te Ty
Diagram 13

The reference curve is measured as follows. The sysewcooled from high
temperature well abovg,; to Tmin in the absence ¢i. The magnetic field is turned on at
Tmin- The magnetizatioMzr(T, ref) is measured with increasing temperature in the
presence Offl.

The genuine ZFC magnetization is defined as the difterdetweeMze(T, Ts, to)
andMzec (T, ref).

AMze(T, T 1) = Mze(T; T, t9) — Mz ®(T). (4)

15



>

H
i >
ZFC cooling
H=0 - > T
Tmin Ty
Diagram 14

E. Memory effect proposed by Sun et al. (University of Illimis, 2003)

We present a peculiar memory effect observed in our mysi@ng a unique FC
cooling protocol. First the system is cooled through thec&@ling protocol from high
temperature well abov&, to intermittent stop temperaturds in the presence dfi..
When the system is cooled downTgthe field was cut offfl = 0) and aged &k; for ts
(typically 3.0x1® sec). In this case, the magnetizatiti>(T! ) decreases with time due
to the relaxation. After the wait time at each stop temperatufg the field () is
applied again and the FC cooling process is resumed. Suclcadking process leads to
a step-like behavior d¥lec(T1) curve. The value d¥l=c>(T!) after resuming below the
lowest stop temperature behaves almost in parallehad of the FC magnetization
without the intermittent stops (as reference curvejterAreaching the minimum
temperature (typically 1.9 K), the magnetizatMpac(T1) was measured in the presence
of H (= Hc) as the temperature is increased at the constani(tygtically 0.05 K/min).
The magnetizatiorMec(T1) thus measured exhibits broad peaks nBarThe spin
configuration imprinted at the intermittent stopraffor a wait timets atH = 0 during the

FC cooling process strongly affects thelependence d¥ir(T1) when the temperature
is increased, exhibiting a peculiar memory effect.

16
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Figure F (a) and (bY dependent
of ME(T1) and ME(T1)
observed in the following FC
cooling protocol. The system was
guenched from 50 to 12 K in the
presence of H (= 1 Oe).
M2 (T1) was measured with
decreasing from 12 to 1.9 K but
with intermittent stops af = 8.5,
6.5, 4.5 K for a wait timeg, = 3.0

x 10" sec. The field is cut off
during each stopM = (T 1) was
measured atH = 1 Oe with
increasing T after the above
cooling process. The T
dependence oM and M3,
are also shown as reference
curves. These are measured after
the FC cooling protocol without
intermittent  stop  (reference
curves). (c)T dependence of the
difference AM B

[=Me(T ) =Me(T1)] [Ref
4].



F. Memory effect proposed by Matsuura

(a) The TRM case

Before the TRM magnetization measurement, a fieldlimgpoFC) protocol was
carried out, consisting of (a) annealing of the sysaémmigh temperatures well aboVg
for typically 1200 sec in the presence kf, (b). quenching of the system from this
temperature to the initial temperattireand (c) aging the system™®t T; atH for a wait
time ty = 100 sec. Just after the magnetic field was turnediwdf,TRM magnetization
was measured with increasimgromT; toT; (the U-turn temperature) and subsequently
with decreasingl from T; to T,. (the cooling process). In turn, it was measured with
increasingTl from T, to T, (the heating process) and subsequently with decre@dmognm
T, to T, (the cooling process). This process was repeated for-tbendemperatures; (r
=3, 4,5, ..), whereT>T>T,. The schematic diagram of these processes for tié TR
measurement is shown kig.(a).

(b)  The ZFC case

Before the ZFC magnetization measurement, a zeld@ling (ZFC) protocol was
carried out. It consists of the following process, gapealing of the system at high
temperatures well abovk, for tyoically 1200 sec in the absenceHyf(b) quenching of
the system from this temperature to the initial tempeeal; (<Ty), and (c) aging aT;
andH = 0 for a wait time,, = 100 sec. Just after the magnetic fi¢dd< 1 Oe) is applied
to the system, the ZFC magnetizativh.. was measured using the same procedure of
heating and coolingly - T; - Ti - T, - Ti» T3 - T; - and so on, wher& (r = 1,
2, ...) is the U-turn temperature agbT;. The schematic diagram of these processes is
shown inFig. (b).

H

(a)

FC cooling protocol

Hz

T

coaling protocal

Diagram 16
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Figure G (a) and (bJ dependence
of Mrrm measured aH = 0 in a
series of heating (closed circles)
and cooling (open circles) process
after the FC cooling of the system
from 50 toT; = 3 K in the presence
of Hc (= 1 Oe). Note the data of
Mrrm shown here is a corrected
one by subtraction of the original
data from theMgc part under the
remanent magnetic field 5 5
mOe) [Ref. 4].
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Il AC magnetic susceptibility

A. t dependence of’ and x’ at various frequencies

The system was quenched from high temperature well abgve T (<Tg) at time

(age)ta = 0. Both Y and ¥’ are measured simultaneously as a function of tinae
constantT. Each point consists in the successive measurementmiotis frequencies.
The absorptiony” decreases with increasirigand is well described by a single scaling
function given by

X(@t)=xo(a) +Ay’ ()™ (5)
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and corresponds to the asymptdtdependent value so thgl( « t) tends to
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B. Single and double Memory effects

When the system is cooled down to a low temperatui®vb€;, a memory of the

spin configurations which is imprinted in the specific aoglsequence, can be recalled
when the system is re-heated at a constant heatiaglmah single memory experiment,
the memory is imprinted &t for tg during the ZFC aging protocol. In a double memory

experiment, the memory is imprinted &t for tg1 and atT, (<T4) for tgo> during the ZFC
aging protocol. The dispersion and absorption thus recafign increasingl are defined
as Xmenflw , T) and X' menf@ T), respectively. The dispersion and absorption as

references ¥ e T) and ' e T)], are also obtained with increasifigafter the
system is quenched from a high temperature aligu® the lowest temperature. Such
AC susceptibility data are called as the ZFC refersnseeptibilities, where no memory

23



is imprinted. One can define the difference betweenatiieg ZFC and reference ZFC
susceptibilities as

A (WT)= X mendd @ T) - Xredw 1), (6)
A (@, T) = X' merd®,T) - X'red @, 7T), (7)

(a) Single memory effect

T H
F T
Ty H-
Ts b Single mermory
Trin ||
rin H=
:h-
t

Diagram 18
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Figure JT dependence of (2Jx
and (b) 4y': single memory
experiments (I and II)f = 0.05
Hz. h = 0.1 Oe. The measurement
() (denoted as gradual) was
carried out after the ZFC aging
protocol (1): gradual decrease Bf
from 20 to 3.75 K, isothermal
aging atT, = 3.75 K for 6.3 hours,
and further gradual decrease from
3.75 to 1.9 K. The measurement
(I) (denoted as quenched) was
carried out after the ZFC aging
protocol (ll): quenching of the
system from 20 to 3.75 K & =

0, isothermal aging at 3.75 K for
10 hours, and further quenching
from 3.75 to 1.9 K. Botly and y”
were simultaneously measured
with increasing T (aging ZFC
curves). 4y and 4y’ are the
deviations of the aging ZFC curve
from the reference ZFC curve
measured with increasing after
the standard ZFC aging protocol:
quenching from 20 to 1.9 K &t =

0 [Ref. 2].
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C. The rejuvenation and memory effects iny'(«,t,H)and x"(«,t,H) under the

T shift

The system is quenched from high temperature vel@Ty to T; atH = 0. The
origin oft (t = 0) is a time whef becomed;. The relaxation o} and " is measured
as a function ot during a periodg;. The temperature was then changedTljo(the

negativeT-shift). The relaxation ok and ¥’ is measured as a functiontofor a period
tsp at To. The system was again heated bacKjtdthe positiveT-shift). These processes
are repeated subsequently. Just after every nedgashift, both " and ¥’ do not lie on
the reference curves gf and ' at T, obtained when the system is quenchedr4o
directly from 10 K at = 0.
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Figure L Relaxation of
X(awt) and Y'(at) at T, =
3.55 K during a
temperature cycle between
T, = 3.75 K andTl, = 3.55
K. The change oT with t

is also shownt = 0 is a
time just after the standard
protocol:
qguenching of the system
from50to 3.75KaH =0
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After the ZFC aging protocol (quenching from a higimperature abovéy to a
temperaturd), ¥ and ' atH = 0 are measured for a perig, where the origin of (t =
0) is a time whefl becomed',. The field is changed from O té att = tgy, After thisH-
shift, x” andx” were measured for a periag. Subsequently, the field is turned off from

H to 0 and the measurements were carried ot =atO for a periodg;. This process is
repeated.

T H
ey .
Tg i H-shift
A e A a0 a0
ts ts ts tg tg
Te - T -
t
t=0
Diagram 21
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Ill.  Fundamental Properties

A. 102 rule
Now we consider thedependence &r(t) whent,, is very short. We note that
Src(t) is related to the absorptigfi( &) of the AC magnetic susceptibility by

Src(t) = dyzec(t)/dint = 2/ X' (@), 9)

wheret = 271 w= 1£, w(=27f) andf is the angular frequency and frequency of the AC
magnetic susceptibility, respectively. In the ACasierement one is able to explore the
beginning of the aging regime, a so-called quasistaly regime which represents a
much smaller time window than in the ZFC measurémen
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B. Stretched exponential relaxation

Here we present a simple review on the stretchpdrential relaxation of the zero-
field cooled magnetization of SG phase after th€ Aging protocol. Theoretically and
experimentally it has been accepted that the tiam@tion of yzg(t) may be described

by a product of a power-law form and a stretchgmbagntial function
Xzec(t) = Mzec()/H = xo - At™ exp[-@¢/ 11, (10)

where the exponemh may be positive and is very close to zergs between 0 and I,is
a characteristic relaxation time, agglandA are constants. In general, these parameters

are dependent ot),. This form of yzg(t) incorporates both the nonequilibrium aging
effect through the stretched exponential factop[€k 7)1 in the crossover region ¢

t, and t>t,) between the quasi equilibrium state and nondmuiln state, and an
equilibrium relaxation response ®&i<t,, through a pure power-law relaxation™. A

stretched exponential only enters the functionahfof the SG relaxation to characterize
the aging phenomenon and is not associated witleqodibrium relaxation. Note that
Ogielski fits his data by a stretched exponentialtiplied by a power function. Similar
law is also observed in the relaxation rate ofausisystems. The relaxation forTg is

considerably slower. For 0.884<1, Ogielski fits it by a power law with a differen
temperature dependence of expomanWhent<<r, yzpc(t) is well described by a power

law form given byAt™. However, in the regime df= 7, the stretched exponential
relaxation is a very good approximation in spitdimte mthat is very small.
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