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1. Introduction

During last two decades of research on magnetism of
condensed matter, many novel materials were obtained
and new types of behaviour and magnetic order have been
found. Besides basic classes of magnetism i.e. diamag-
netism, paramagnetism, ferromagnetism, antiferromag-
netism and ferrimagnetism, and those recognized later,
like metamagnetism, helimagnetism, spin glass, or super-
paramagnetism, nowadays one deals with various kinds
of nanostructured or molecule-based magnetic materials.
There are nanoparticles and ferrofluids, nanowires, thin
films or multilayers, molecular magnets and nanomag-
nets, all of them showing new interesting properties.

A sensitive and relatively less used tool for character-
izing new materials is the dynamic magnetic susceptibil-
ity technique, also called AC susceptibility, xac- xac is
complementary to the measurements in the static (DC)
magnetic field and becomes indispensable especially for
investigations of phase transitions and magnetic relax-
ation. AC susceptibility is the differential dM/dH re-
sponse of the magnetization (M) of the sample to an
oscillating magnetic field (H). Operating frequencies f
vary most often from 1 Hz (to compare with static sus-
ceptibility) up to 10 kHz. The low amplitude of the driv-
ing field is used to probe the undisturbed ground state
of the investigated system. Apart from oscillating mag-
netic field, the DC bias field may be applied. Since the
invention [1], the method was frequently used for stud-
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ies of paramagnetic salts [2], weak and low dimensional
magnets [3], spin glasses [4] and HT, superconductors [5].
Besides investigation of the relaxation effects, measure-
ments of AC magnetic susceptibility are used for studying
phase transitions to the ordered state, spin reorientation
or metamagnetic transitions. The method is also used to
analyse change in anisotropy energy.

AC susceptibility is a complex value and reads

YAC = X/ N iX”a (1)
where the real component y’, related to the reversible
magnetization process, stays in-phase with the oscillat-
ing field

H(t) = Ho + hcos(2m ft). (2)
The imaginary component x” is related to losses due
to the irreversible magnetization process and energy ab-
sorbed from the field, as the phase shift § may occur in
magnetization M (¢) in respect of H(¢) given

M(t) = Mo + mcos(2m ft — 0). (3)
In this way

X' = mcosf/h, (4)

X" =msinf/h. (5)

Components x’ and x” of the susceptibility of a magnetic
sample are functions of temperature and may depend on
the frequency f and amplitude h of the driving field,
static bias field Hy, applied pressure and other external
parameters. Irreversibility is a result of relaxation pro-
cesses of various origin, like the irreversible movement
of domain walls, small hysteresis loop in ferromagnets,
spin lattice relaxation in paramagnets, relaxation of su-
perparamagnets or flux creep in superconductors. Re-
laxation time, or its distribution, may be determined
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from the relation between real and imaginary components
of xac (Argand plot). Dependence x' (27 f) is called mag-
netic dispersion, x"(2n f) is called magnetic absorption.
Additional information on phase transition may be ob-
tained from nonlinear susceptibilities, as in general case

M(H) = Mo+ x1H+ x2H* + xsH> + ..., (6)
where x; — linear (first order), xo — second order, x3
— third order susceptibilities. Nonlinear 2 and ys, de-
termined from the signals detected at the frequency 2f
and 3f, are called second (2hr) and third (3hr) harmon-
ics and are expressed as 3x2h and %X3h2, respectively.
Nonlinear contribution to magnetization becomes usu-
ally larger at temperatures close to the temperature of
the long range magnetic ordering 7,. Peak in the third
harmonic confirms the occurrence of the magnetic phase
transition (e.g. paramagnetic to ferromagnetic, or para-
magnetic to spin-glass state), while the second harmonic
is observed only for samples with a spontaneous magne-
tization.

The paper presents the review on the representative
AC susceptibility results obtained using the commercial
LakeShore 7225 Susceptometer. The following experi-
mental possibilities were used to get deeper insight into
phase transitions and/or dynamics of the spin systems
under study: (i) change of the AC field amplitude (in or-
der to distinguish ferro-(ferri) and antiferromagnets); (ii)
use of a static field Hpc (to conclude on the type of mag-
netic order and to study the phase diagram); (iii) mea-
surement of nonlinear susceptibilities (to conclude on
the type of phase transition); (iv) probing the depen-
dence of both components of susceptibility on frequency
of the AC field (to study magnetic relaxation); (v) tests
of the DC field effect on the frequency dependence of x ¢
(to analyze the possibility of blocking or reentrant spin-
-glass transition). Examples of several types of magnetic
phase transitions in conventional and molecular magnets
are shown. The phenomenon of magnetic relaxation is
briefly ascribed and illustrated with results on relaxation
in molecular and low-dimensional magnets. A special
attention is paid to slow relaxation in single molecule
magnets (SMM), single chain magnets (SCM) and also
in quasi 1-dimensional systems showing magnetic phase
transition to the long-range ordered phase.

2. Examples of magnetic phase transitions
as recorded by AC susceptibility

2.1. Ferromagnetic to paramagnetic phase transition

Figure 1 presents the temperature dependence of
the AC magnetic susceptibility (measured with h =
3 Oe, f = 80 Hz) at the transition from a ferromag-
netic to the paramagnetic state for the molecule-based
{[Fe' (H50)2]2[Nb!V (CN)g]-4H20} magnet [6]. The DC
susceptibility measured at Hpc = 2 kOe is shown for
comparison. The related temperature derivatives are de-
picted in the inset. The substance is an example of the
isotropic three-dimensional (3D) ferromagnet. As shown,
the measurement of yac assures precise determination of

the temperature of the long range magnetic ordering Tt.
T. may be determined from the dy’/dT minimum, the
X" onset or from the x’ maximum. Usually the tem-
peratures of dy’/dT minimum and of x” onset coincide,

which is the case also here.
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Fig. 1. AC and DC magnetic susceptibility at the tran-
sition from a ferroma%netic to the paramagnetic state
for the molecular [Fe! (H20)2])2[Nb'Y(CN)s]-4H20O 3D
ferromagnet [6]. The related temperature derivatives
dx’/dT and dypc/dT are depicted in the inset.

2.2. Unique phase transition in quast two-dimensional
system with XY anisotropy

Thanks to the modern synthetic chemistry molecu-
lar magnets of different dimensionality may be obtained:
three-dimensional (3D) magnets, two-dimensional (2D)
layered systems, one-dimensional molecular chains (1D)
or high-spin molecules (0D). The two-dimensional molec-
ular networks are attractive due to their distinctive phase
diagram in the applied field and as an alternative source
of technologically important magnetic multilayers.

Interesting behaviour was found by us [7, 8] for
the quasi-2D copper octacyano-tungsten compound
(tetrenHz) s Cuy[W(CN)g]4-2H20, where both Cu- and
W-ions carry spin s = 1/2. The bilayered structure of
the compound consists of anionic Cuy|W(CN)g]4 double-
-layers aligned in the ac plane with tetren counterca-
tions and water molecules located between the sheets.
Unit cell is orthorhombic with approximate dimensions
ofa=74A,¢=7A b=32A, and the distance between
the double-layers of ~ 10 A.

As follows from the Mermin-Wagner theorem [9], the
2D isotropic Heisenberg magnet can have the transition
to the ordered state only at T, = 0 K, while for the 2D
system with XY anisotropy, the topological Kosterlitz
and Thouless transition [10], caused by the unbinding
of vortex-antivortex pairs, may take place at a critical
temperature Tkr.
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Magnetic susceptibility XAC of the
(tetrenHs)p sCus[W(CN)gl]g-aHO  powder  sample
and ypc of the single crystal (parallel and perpendicular
to the layers) measured in field of 2 kOe are depicted
in Fig. 2. As is seen, this quasi-2D spin system un-
dergoes the phase transition at 7 = 33.3 K. The DC
susceptibility measured in the ac plane is almost one
order of magnitude larger than that perpendicular to the
bilayers. The exceptionally narrow xac peak measured
for the powder sample with h = 2 Oe and f = 125 Hz,
is still three times stronger. The yac drops suddenly
just below T, and levels off at a low value, it also does
not depend on frequency as checked in the range of
5-10000 Hz. The thorough analysis of magnetization in
paramagnetic and in the ordered phase brought evidence
of the Kosterlitz—Thouless type of the transition [7].
Thanks to the small amplitude of the AC field, from
xac we could precisely determine the  critical exponent
(x x €77, where ¢ = |T/T, — 1|, T > Tc) and get
complementary proof of the type of our spin system.
The value v = 1.31 £ 0.1 obtained from the x’(¢) log-log
fit (see inset to Fig. 4) is almost equal to that predicted
for a spin system with XY anisotropy.
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Fig. 2. Single crystal DC and powder AC
susceptibility of the bilayered quasi-2D
(tetrenHs)o.sCua[W(CN)gls-zH20  molecular  mag-

net; inset: the xac critical scaling plot [7].

2.8. Commensurate to incommensurate order transition

In the intermetallic compound ThCo3Sis cobalt is non-
magnetic and only Th-moments are ordered with Ty =
46 K |11]. Temperature dependences of x’ and dy’/dT
for this compound are displayed in Fig. 3. As expected
for the antiferromagnetic structure, imaginary compo-
nent Y’ is almost zero. The temperature Ty is marked
on the dy’/dT curve as the centre of a well-defined fall-
-down and is equal to 45 K. An anomaly in the dy’/dT
curve may not arise from the spin reorientation since such
transitions are usually clearly seen in the ¥’ vs. T' depen-
dences, which is not the case here. Thus, the observed

anomaly comes probably from the transformation from
the antiferromagnetic collinear to the sine-wave mod-
ulated incommensurate structure. The anomalous be-
haviour of dx’/dT starts at Ty = 42 K. This transition
has been also observed by neutron diffraction and heat
capacity measurements.
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Fig. 3. Temperature dependence of ' and of dx'/dT
for TbCOQSiQ [11]

2.4. Spin glass transition above Ty identified
with higher harmonics of xac

As described in [12], magnetic susceptibility of a frus-
trated antiferromagnet TbAuln shows two anomalies,
the first of which, occurring at 33 K, is a Néel point,
confirmed with neutron diffraction studies. The other
anomaly, present at 48 K, i.e. above Ty, was a rare effect,
difficult to explain (see Fig. 4). The only method which
revealed also some anomalous behaviour in ThAuln in
this temperature range was the resistivity measurement.

In order to get a deeper insight into phase transitions
of Tb uln, the second and third harmonics were mea-
sured for the fundamental frequency f = 120 Hz. The
magnitude of harmonics was less than 0.01% of the lin-
ear one (Fig. 5). The 2hr and 3hr exhibited a double
peak at about 50 K, whereas the F transition was visible
only in 3hr. These data allowed to inscribe the strange
transition to the spin-glass one with 7, = 52 K. Be-
cause 2hr was present, one could conclude that the glass
phase coexisted with the ferromagnetic phase. Transition
at 52 K is therefore of magnetic disorder—disorder ori-
gin. Strong influence of the external magnetic field and
driving field frequency on the position, as well as on the
magnitude of the AC susceptibility anomaly (not shown
here) confirmed it to be the cluster-glass to paramagnetic
phase transition. Diffuse neutron scattering observed for
TbAuln at temperatures above the T supports the con-
clusion of the existence of cluster-glass state [13].

2.5. xac dependence on AC field amplitude and
frequency in rare earth metals and intermetallics

AC susceptibility is also very helpful in investigations
of rare earth (RE) metals and of intermetallic compounds
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967

of rare earth metals with 3d, 4d, or 5d elements. Below
we present results obtained for two intermetallic systems
and for two pure 4f metals, Gd and Th.

Intermetallic compounds of rare earth metals with 3d,
4d, or 5d elements are usually complex ferrimagnets, in
which competing ferro- and antiferromagnetic interac-
tions lead to transitions between the phases with differ-
ent magnetic structures. yac measurements, carried out
with different h, provide information on the temperatures
and type of the transitions.

Figure 6 shows the result for the ferromagnetic GdPdIn
with Tac = 102 K crystallizing in the hexagonal ZrNi
l-type structure [14]. Like for Gd, both xac compo-
nents increase with h. The anomaly at the temperature
close to TAc reflects the Hopkinson effect, frequently ob-
served for ferrites. The anomaly may arise in the case of
strong decrease of anisotropy constant K with temper-
ature, because, generally yac oc M2/K (see Sect. 3.3).
One should also note the large x”, which is equal to about
10% of x'.
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Fig. 6. Temperature dependence of ' and x” mea-
sured with H = 1 Oe and 20 Oe for ferromagnetic
GdPdIn; the DC susceptibility (in Hpc = 1 kOe) is
shown for comparison [14].

Susceptibility measured for the related compound
DyPdIn is depicted in Fig. 7. It shows two maxima: at
T. = 34 K and the second at T; = 14 K, which behave
differently when AC field amplitude is changed. The x’
anomaly at T, is accompanied by large x” (ca. 10% x’)
and both components depend strongly on h. Such be-
haviour indicates that on cooling from the paramagnetic
phase, long range ferrimagnetic ordering appears at Tt.
It is also seen that with rising h from 1 Oe up to 20 Oe,
position of the x’ peak shifts towards lower tempera-
tures, while x”/ peak shifts down even more than 2 K.
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The anomaly at Ty = 14 K reflects transition to the
antiferromagnetic or slightly uncompensated FM-phase
(negligible x”’). Thus, in ferro- or ferrimagnetic phase
the imaginary component is present, while in the antifer-
romagnetic phase x” is zero.

10 20 30 40
0.006- ad
DyPdin T
A4
oo L8
S s 5}
=S o4
> [mf
£ 0.004 2t
o ey
e ous
3
—0—05 Oe \\\-.
0002 —A—20e
—=®— 10 Oe
—e—200e
— e
S 00008, I
=] 4 -
£ s 7 b
D, 000041 i %
- > -8 .
—?.< ¢ u
0,0000 -—-——M“! o S—

10 20 30 40
Temperature [K]

Fig. 7. Temperature dependence of X’ and x” for
DyPdIn ferrimagnet measured with varied H (shown);
at Ty = 14 K the FI-FM transition occurs [14].

Gadolinium is a ferromagnet with Tac = 293.4 K. At
T = 225 K, the anisotropy constant changes sign and spin
reorientation takes place with magnetic moments parallel
to the c-axis for T" > Tsr and perpendicular to the c-axis
for T below Tsg [15]. Figure 8 shows x’ and x” measured
with two amplitudes of the driving field [16]. Both x’ and
x” components increase with . The spin reorientation
point is clearly seen as the temperature at which the x’
curves merge as X' at Tsr does not depend on h. At
T = Tsg the x” component has minimum. The yac
results reported for Gd single crystal [17] detect Tsr as
a weak Y’ maximum and a kink when measured with the
AC field parallel to the c-axis and as a maximum of x’
for AC field perpendicular to c-axis. Thus, it appears
that Tsg may be determined with a good accuracy also
for the polycrystalline bulk sample with the A-dependent
measurement.

Figure 9 shows the xac data measured with varied
frequency, obtained for the polycrystalline sample of
thulium [16]. Thulium orders at Ty = 58 K with a sinu-
soidal modulation of the c-axis component of the mag-
netic moments [15].

As shown in Fig. 7, Tx does not depend on frequency
and x” component is absent, as it should be for the anti-
ferromagnet. Below 38 K, magnetic moment modulation
begins to square off and a system transforms to the com-
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Fig. 8. x’ and x” of polycrystalline bulk Gd measured
at f = 625 Hz with two amplitudes of AC field. Spin
reorientation and Curie temperatures are indicated.
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Fig. 9. x’ and x” of polycrystalline Tm measured with
varied frequency. Ferrimagnetic and Néel temperatures
are indicated. DC susceptibility in the field 2 kOe is
shown for comparison.

plex ferrimagnetic structure, with four moments up along
c-axis followed by three moments down [15].

Figure 9 indicates that at transition to the ferrimag-
netic phase the Y’ component appears, and both ¥’ and
x" are frequency dependent. Therefore it appears that
transition to the ferrimagnetic phase is not the imme-
diate process and that the relevant reorganization of the
domain structure is a relaxation effect with the time scale
of &~ 107% = 1 s. Magnetic relaxation will be discussed
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in the next paragraph. We would like to add that very
weak yac dependence on h was observed only in the fer-
rimagnetic phase.

3. Relaxation in magnetic systems

3.1. Brief description

After a change in the applied magnetic field from H to
H + AH, magnetization M of a spin system will reach a
new equilibrium state after characteristic time 7, called
the relaxation time. Relaxation process consists in en-
ergy exchange between the spins and other degrees of
freedom, which proceeds through the movement of do-
main walls, rotation of magnetic moments, nucleation
of regions with reverse magnetization and other effects.
In the simplest case, magnetic relaxation is defined by
means of one energy barrier and one relaxation time,
where the time dependence of magnetization is the ex-
ponential function M(t) = Myexp(—t/7) (for magne-
tization decay). Usually, relaxation is a complex phe-
nomenon with the large time scale involved. Study of
relaxation provides insight into magnetic structure and
spin—lattice interactions in the sample.

The thermodynamic model for relaxation of a magnetic
system in the oscillating magnetic field parallel to a con-
stant field Hy was derived by Casimir and du Pré [18].
According to the model, in thermal equilibrium, the tem-
perature Ty of the spin system and that of the lattice, T,
are equal. As a result of a field change, Ty will change
from its equilibrium value. Subsequently, spin—lattice re-
laxation will take place and heat will be exchanged be-
tween the spins and the lattice. From the entropy change
of the process, in which magnetic field changes periodi-
cally with frequency f = w/2w, one obtains expression
for the complex susceptibility

XT — XS

X(@) =xs + 750 (7)
where yT is an isothermal susceptibility in the limit of
the lowest frequencies and is related to spin—lattice re-
laxation; xg is related to spin—spin relaxation and is an
adiabatic susceptibility in the limit of the highest fre-
quencies, for which the magnetic system remains isolated
from surrounding. Exchange of energy between spins is
several orders quicker than that between the spins and
the lattice. For a paramagnet in zero field xt = xs.

Complex y(w) has real and imaginary components

/ _ XT — XS

X (w) - XS + 1 + w27_27 (8)
” . _ wT

X'w) =t =xs) 752 T 9)

The frequency dependence of ' and a non-zero x”’ signal
are always a consequence of one or more relaxation pro-
cesses with characteristic relaxation time constants. The
highest x” (up to 50% of x’) is reached when a relaxation
process with one time constant takes place. Low values
of X" in spin-glasses suggest a distribution of relaxation
time constants.

The relaxation time 7 or the distribution « of relax-
ation times may be determined from the x” vs. x’ plot for
a given temperature and different w; this is the so-called
Argand plot (or Cole-Cole plot). In the case of one re-
laxation time (the Debye process) the plot is a semicircle,
while for the distribution of relaxation times the x” vs.
X’ plot is an arc. The central angle of the arc is equal to
(1 — a)7, where « is a measure of the distribution of the
relaxation times. For the Debye process o = 0, while for
spin glasses it can reach the value 0.9. The Cole—Cole ex-
pression modified for the distribution of relaxation times
reads

XT — X8
1+ (iwr)t—o’
The angular frequency w, at which the absorption reaches
its maximum x”(w) = i(xT — Xs), determines the re-
laxation time 7 of the relevant relaxation process as
7 = w™!. The Cole-Cole approach concerns a distribu-
tion of relaxation times that is symmetric on the logarith-
mic time scale. From that analysis performed at different
temperatures one obtains the temperature dependence of
the relaxation time 7(T).

Magnetic moments are coupled to the crystal lattice
through the spin—orbit interaction. Exchange of en-
ergy between magnetic moments and a lattice occurs via
phonons and magnons. All processes, in which phonons
or magnons take part, depend on temperature, this is
why the spin—lattice relaxation time decreases with tem-
perature. Depending on the magnetic system, tempera-
ture dependence of the relaxation time may be described
by different functions (laws):

x(w) = xs + (10)

e the Arrhenius law
7(T) = 1o exp (AE/kpT), (11)

for thermally activated processes, which are typical
for superparamagnets; AF is the energy barrier for
(macro)spin reversal, 7y is the characteristic time,
related to the natural frequency of gyromagnetic
precession; time 7y is considered as temperature in-
dependent and equals from ~ 109 s for nonmetal-
lic to 1013 s for metallic systems;

e the Vogel-Fulcher law
7(T) = 1oexp (AE/kg(T — Tp)) (12)

is typical for (cluster)spin-glasses or ferrofluids and
includes inter-cluster or inter-particle interaction;

e the generalized Vogel-Fulcher law

7(T) = 1o exp (AE /kg(T — Tp)?) (13)

introduces the critical exponent and becomes rele-
vant at temperatures close to phase transition;

e the critical scaling formula

7(T) o (T' = Tp)™" (14)

describes approach to the spin-glass freezing.
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Value of the barrier AFE and its dependence on the prop-
erties of the material, like domain structure, domain pin-
ning or anisotropies, is crucial for the dynamics of the
spin system. Attempt time 7y may depend slightly on
the applied field and may differ for the specific group of
substances.

3.2. Relazation in paramagnets

At high temperatures, in zero DC field and low fre-
quencies of AC field, the paramagnetic spin system fol-
lows the oscillating field and no relaxation is observed.
When Hpc # 0 the spin—lattice relaxation appears, re-
lated mainly to the direct process of the emission or ab-
sorption of one phonon. When the frequency of the oscil-
lating magnetic field increases, additional absorption ap-
pears which is connected with the relaxation within the
spin system. The spin—spin relaxation time, 7g, is much
lower than spin—lattice relaxation time 7g_y, and does
not depend on temperature. The basic mechanism for
spin—spin relaxation is of a magnetic dipolar type. The
approximate relaxation time for this type of coupling is
Tg ~ 10719 g; it is understood as the time necessary for
changing the direction of the precession axis.
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Fig. 10. Argand plots for CrK(SO4)2-12H,0 at T =

4.3 K showing magnetic relaxation at different DC bias
fields (shown) and AC frequencies ranging from 5 Hz up
to 10 kHz.

Figure 10 shows relaxation in the AC field of the para-
magnetic CrK(SO4)2-12H20 (alum) when bias DC field
is applied. The Argand diagrams were obtained for f
between 5 Hz (highest X/, first points on the right) and
10000 Hz (smallest x’, last points on the left), for several
values of the constant external field at 7" = 4.3 K. The
plots are flattened, showing that more than one relax-
ation process occur. One expects here three processes:
the slowest process emerges starting from H = 5 kOe,
the second process occurs with the average time constant
and is the strongest one, the third process is expected
(on the left-hand side of the curves) and is not accessi-
ble with our setup. The relaxation time for the average
relaxation process, given by the frequency of the highest
x" value, does not change much as the field is increased:
for H = 2.5 kOe 7 ~ 1072 s, while for H = 20 kOe
T ~ 5 x 107* 5. The main effect is the decrease of the
isothermal susceptibility; however, in order to determine
xT(H) precisely, frequencies lower than 5 Hz should be
used. The expected third process would probably be
due to some type of spin—spin relaxation for crystal-field-
-resolved s = 3/2 Cr*" multiplet [19].

3.3. Relaxation in long-range ordered magnets

In order to observe the spin—lattice relaxation in para-
magnets, the non-zero applied magnetic field is needed,
whereas in magnetically ordered materials the internal
magnetic fields are present due to the exchange coupling
of the spins. AC susceptibility of the long-range ordered
magnets comes from the spins in the domains and spins
in the domain walls. Contribution from domain walls
is more significant because spins in the wall, which are
in their subtle equilibrium state, should respond easily
to the AC field even at high frequencies. As discussed
in [19, 20], susceptibility resulting from the small am-
plitude motion of domain walls can be derived from the
equation of motion, similar to that of a damped harmonic
oscillator. The domain wall susceptibility, which is the
difference between the isothermal and adiabatic suscep-
tibility, xw = xT — Xs is equal to

4M?2d,

X =~ (15)
where Mj is the magnetization of saturation, d, is the
domain wall width, K is an anisotropy constant, and L
is the distance between two domains.

Temperature dependence of x,, is contained in two
parameters, My and K, as the distance L between two
domains stays almost constant up to temperatures very
close to T.. Anisotropy K is expected to decrease with
temperature, while M(T), given by the Brillouin func-
tion, is constant at low temperatures and goes to zero
at T,. In that way, one usually observes the increase of
Xw With temperature, but the behaviour close to T, may
be more complex, like the Hopkinson effect mentioned
in Sect. 2.5.

The effects, which contribute to losses and therefore
to relaxation may be the following: irreversible wall dis-
placements, irreversible magnetization rotation (hystere-
sis loss), eddy currents, diffusion of electrons or deff-
ects. The big x” losses connected with the domain struc-
ture reconstruction were reported for 4 f—3d hard mag-
nets [21]. One should note that for strong ferro- or fer-
rimagnets with 7, up to 1000 K, e.g. ferrites, frequency
dependence of AC susceptibility is observed for large fre-
quencies f ~ 10°—10° Hz.

3.4. Relaxation in spin-glasses

AC susceptibility is an important technique for inves-
tigating spin-glasses as no information on these systems
can be extracted from neutron diffraction, with not many
data to be gained from specific heat either. In the spin-
-glass phase magnetic moments are coupled by randomly
distributed, both positive and negative, exchange inter-
actions. Below the freezing temperature 7¢ the moments
are blocked in a highly irreversible and metastable state
characterized by the frustration of spins. At freezing
temperature T¢, the x’ component exhibits a cusp-like
anomaly, while x”" shows a rapid onset followed by an
inflection point and a weak maximum as the tempera-
ture is decreased. The main feature of the x’ anomaly is
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its frequency dependence observed already below 1 kHz.
This is in contrast to conventional or ferromagnetic ma-
terials, where the frequency dependence of susceptibility
was found only in the MHz range. The empirical pa-
rameter X is used to express the Tt vs. f dependence,
as following: X = ATy/(TtA(log f)) [22]. The insulat-
ing spin-glasses show substantial T shift with frequency
(X =~ 0.01) and x” equal to several % of x’. For metallic
spin-glasses, the frequency dependence is weaker and the
related x”' is less than 1% of y’.

Having determined from the Argand plots the a pa-
rameter of distribution of relaxation times and the av-
erage relaxation time 7., one can evaluate the distribu-
tion of relaxation times as a function of log7 for the
investigated spin-glass. It appears that the half-width
of such distribution remarkably increases upon cooling
through T¢. Wide distribution of relaxation times is char-
acteristic for the spin-glass phase. The other feature is a
dramatic slow-down of the average relaxation time 7.: for
the two-dimensional spin-glass RboCuy_,Co,Fy it was
found that 7. changes from 10° s at T = 3 K down to
1070 sat T=7K [4].

3.5. Relaxation in superparamagnetic nanoparticles

At high temperatures, a system of magnetic single do-
main particles behaves like a paramagnet (superpara-
magnet) carrying a huge magnetic moment of the order
of 10% up. Magnetic moments fluctuate between up and
down directions and change of the direction is a ther-
mally activated process, with the relaxation time equal

to
7 =T19exp(KV/kgT), (16)
where 79 = 107°-10" s and AFE equal to the product
of the anisotropy constant and volume of the particle,
AE =KV.
Relaxation time 7 of nanoparticles substantially in-
creases upon cooling the sample. Assuming the period
7 = 100 s as the upper limit of observation of the mag-
netization change, one gets KV/kgT = 25. The tem-
perature, at which relaxation time of a given collection
of nanoparticles equals 100 s is called the blocking tem-
perature Tp and is determined as T = KV/25kp. At
T < Ty magnetization processes are irreversible, charac-
terized with thermoremanence, coercivity and long relax-
ation times. Mutual interactions between the particles as
well as external pressure may increase the blocking tem-
perature [23, 24] or lead to the collective behaviour of the
spin-glass or ferromagnetic type [25].

An ideal system of magnetic nanoparticles showing su-
perparamagnetic properties is ferritin. It is the iron stor-
age protein, each particle is of ca. 12 nm diameter and
consists of a core of antiferromagnetic ferrihydrite sur-
rounded by a protein shell. The core is of about 7 nm in
diameter and can contain up to 4500 Fe3* ions, while a
net magnetic moment of ~ 300 up comes from uncom-
pensated iron spins, largely at the surface of the core [26].

Figure 11 shows the temperature dependence of x’
and ", measured with the different frequency of the os-
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Fig. 11. Frequency dependent AC susceptibility of the

horse spleen ferritin. Inset: determination of the acti-
vation energy from the In f vs. 1/T Arrhenius plot.

cillating field. Above 30 K x’ follows the Curie-Weiss law
and x” = 0. Below 30 K, the blocking of progressively
smaller magnetic moments leads to decrease of " and to
the onset of x”’. The maxima of the curves which occur at
specific Ty shift to lower temperatures as frequency de-
creases. The activation energy determined from the Ar-
rhenius formula (see inset) is AE = E, /kp = (415+£15) K
and 79 = 10712 5. The shape of the hysteresis loop (not
shown) is typical for an aggregate of particles influenced
by the field coming from the surrounding particles.

4. Slow relaxation in low-dimensional
molecular magnets

4.1. Research on single molecule magnets

A milestone in the field of molecular magnetism was
the discovery of slow relaxation in the organometallic
clusters, in which spins of metal ions are coupled giving
a high-spin ground state. The most prominent example
is the [Mn12012(02CCH3)16(H20)4]4H20-20H3000H
complex (Mn12) with the ground state spin S = 10. The
characteristic feature of the cluster is a strong uniaxial
anisotropy, expressed by the zero-field splitting parame-
ter D. Anisotropy, combined with the high spin multi-
plicity gives rise to a large energy barrier between the up-
and down-spin states. The work [27], which reported the
dramatic increase of the relaxation time at low tempera-
tures, according to the Arrhenius law with AF equal to
—DS?, entered upon the era of molecular nanomagnets.
Due to the high barrier (AE for Mn12 is 65 K) and thus
the long relaxation times, reaching months and years at
temperature below T =~ 2 K, such anisotropic high-spin
molecules were called single molecule magnets (SMM).
They are of interest because of possible applications as
magnetic memory or quantum computer units.
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AC susceptibility of SMMs depends strongly on fre-
quency. The temperature behaviour of x’ and x” for
SMMs is like that for superparamagnets. Upon cooling
the sample, yac increases according to the Curie law, but
at a certain, frequency dependent temperature, shows a
drop at the blocking temperature Ty ~ 3 K. x” is in-
dicative of slow relaxation of the magnetization, unable
to keep in phase with the oscillating field [28]. The relax-
ation times determined from x”(w) follow the Arrhenius
exponential law with 79 = 2 x 1079 s, that is three orders
of magnitude larger than that usually found in super-
paramagnets [29].

The analogy between superparamagnetic particles and
SMMs is not full because the latter are quantum objects
and show coherent effect of the quantum tunnelling of
molecular spins over the barrier. The tunnelling of molec-
ular spins is visible in a “staircase” hysteresis loop and in
the DC-field-dependent AC susceptibility [29, 30]. The
X' and x” maxima observed at H, = nH; with n = 0,
1, 2, where H; = 4.1 kOe, gave evidence of the field-
-tuned tunnelling between the excited magnetic states
which are thermally populated [29, 30]. For another
SMM, the Feg cluster (S = 10), x’ also showed three dis-
tinct maxima regularly spaced in the magnetic field [30].
The maxima occurred for the same fields, for which a
strong decrease of the spin-lattice relaxation time was
estimated from the frequency-dependent AC susceptibil-
ity measurements. Because of quantum effects, the re-
laxation time 7 does not grow exponentially to infinity
but at low temperatures starts to saturate [29, 31].

4.2. Investigation of Mn-porphyrin
based single chain magnet

Like in case of single molecule magnets, isolated one-
-dimensional (1D) magnetic molecular chains may also
show the unique feature of slow magnetic relaxation and
magnetic hysteresis without long range order [32-34]. By
analogy to SMMs, this new class of nanomagnets is called
single chain magnets (SCM)s. The first obtained SCM
was the chiral [Co(hfac)osNITPhOMe)] ([Co(hfac)]) chain
with the Ising anisotropy [32]. The search for SCMs was
motivated with the increase of the blocking temperature,
as magnetic coupling along the chain should impede the
spin reversal and increase the activation energy. A large
uniaxial anisotropy and strong magnetic coupling of spins
along the chain promotes long relaxation times and such
molecular chains can be individually magnetized. While
AFE for Mn12 SMM was 65 K, that for the [Co(hfac)]
SCM is 152 K [32].

Compounds of the [MnTPP|[TCNE] family of molec-
ular chains based on Mn-porphyrin and TCNE-radical
show a variety of relaxation behaviour. Magnetic prop-
erties of the substance may be tuned using various chem-
ical modifications, e.g. substituting various functional
groups R to the phenyl rings at the periphery of the
porphyrin disc [35-37]. Mn(III) ion is located in the
centre of the porphyrin complex and manganese spins
(S = 2) and radical spins (s = 1/2) are strongly anti-
ferromagnetically coupled along the chain, but, as there

are no chemical bonds between the chains, the chains
are magnetically (almost) isolated. Weak coupling be-
tween the chains which may be present is the dipolar
coupling of the correlated chain segments. Ratio of the
interchain- to intrachain interaction is ~ 10~* [38]. Mag-
netic properties of these low-dimensional systems may
be tuned using various chemical modifications. The
[MnF4TPP|[TCNE] compound with fluorine substituted
to porphyrin in the ortho position is a single-chain mag-
net (SCM) with blocking temperature T = 6.6 K [39)].
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Fig. 12. Frequency dependent AC susceptibility of the

[MnF,TPP][TCNE] single chain magnet; fluorine is sub-
stituted to porphyrin in the ortho position.

xac of this compound shows strong dependence on
frequency in accord with slow time decay of thermore-
manence [39]. As may be seen from Fig. 12, upon de-
creasing temperature, Y’ reaches the frequency depen-
dent maximum and, when the moments cannot follow
the oscillating field, abruptly falls down to zero (block-
ing). At the same time y” moves as a whole to lower
temperatures. Value of the relative variation of the tem-
perature T, of the x” peak per decade of frequency,
X = (AT,/T,)/A(logy, f), is equal to 0.128. This is
much bigger than that of spin glasses and confirms the
blocking phenomenon. Second and third harmonics of
XxAc are zero in the whole temperature range under study,
which means that there is no spontaneous magnetic mo-
ment in the sample and that no phase transition oc-
curs [40]. The x” vs. x’ Argand plots for T'= 6 K up to
T =9 K are given in Fig. 13. They differ insignificantly
from perfect semicircles and form arcs of size (1 — o).
The average distribution of relaxation times « is equal
to 0.12, which means that in good approximation the
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Fig. 13. Argand plots at several temperatures for the
[MnF,TPP][TCNE] SCM obtained from the data shown
in Fig. 12.

compound has a single relaxation time. This result is a
fingerprint of the SCM behaviour [39].

As the lowest frequency of the AC field in the measure-
ment shown in Fig. 12 was 2 Hz, the longest relaxation
time registered was 7 = 0.5 s. In order to reach longer 7
and to examine relaxation at 7' < 5 K, the dependence
of MrryM thermoremanence on time was measured. The
stretched exponential Kohlrausch law

Mrru(t) = +Moexp(—(t/7)' "),
0<n<l1 (17)
was used to fit the data and extract 7 vs. T. Having de-
termined relaxation times in broad temperature range,
one can calculate activation energy AFE from the Arrhe-
nius law. Figure 14 presents the plot In7 = é—? + Inm
of data gained from yac and Mrgry time measure-
ments. Energy barrier AE = E, = 117(5) K and

70 = 1.4 x 10710 5 were obtained [39].

4.8. Slow relazation and blocking in quasi 1D
molecular magnets showing phase transition

As discussed in previous section, slow relaxation and
blocking appeared in pure 1D molecular chain, where
dipolar magnetic coupling between the chains was neg-
ligible. Low ratio of interchain- to intrachain interac-
tion is crucial for the single chain magnet behaviour. In

20
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Fig. 14. Determination of the activation energy for
[MnF,TPP][TCNE] SCM from the In f vs. 1/T Arrhe-
nius plot; results of xyac and Mrrm time measurements
were used.

quasi-1D magnets, characterized with slightly larger ra-
tio of interchain- to intrachain interactions, the slow re-
laxation and blocking will compete with a tendency to
phase transition to the long range magnetic order. As
a result, a complex phase situation would arise, which
may be elucidated using the experimental possibilities of
the AC susceptibility, i.e. wide spectrum of frequencies,
measurements with zero- and nonzero applied DC field
and testing the nonlinear susceptibilities.

Most members of the [MnR4TPP|[TCNE] family of
molecular chain compounds show anomalies in xac
at temperatures from the temperature range 10-30 K
[36, 37]. When R is a long alcoxy group (OC,Hap41,
n = 10, 12, 14), the interchain spacing is very large (up
to 30 A) [41]. Despite the structural isolation of the
chains the compounds show transition to the magneti-
cally ordered state with 7, = 21.7, 22.0, and 20.5 K,
respectively [37]. Figure 15a presents the temperature
dependence of yac for R = OC1oHos. A striking feature
of this result is a strong dependence of susceptibility on
the frequency (X = 0.02) and, simultaneously, a very
sharp transition. When external DC field is applied, the
AC peak reveals its double nature: the anomaly at T,
gradually disappears and the frequency dependent part
is shifted to lower temperatures, where irreversibility of
magnetization was also observed. As given in Fig. 15b,
at H = 5 kOe the phase transition is completely de-
stroyed and AC susceptibility shows only blocking, like
that of the SCM-type with a,, = 0.22. From the Arrhe-
nius plot one gets the activation energy F, = 52 K, with
7o = 3.5 x 10710 s (see Fig. 15b inset).

An example of the very strong influence of DC field
on the relaxation is represented by the compound with
R = OCHj3 (T. = 8.7 K), in which application of only
300 Oe makes the system to relax with the single re-
laxation time in the limits of the negligible distribu-
tion @ = 0.08 (see Fig. 16) [16]. All results shown
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Fig. 15. (a) Frequency dependent AC susceptibility at
Hpc = 0 for [MnR4TPP|[TCNE], where R = OC12Has
substituted into Para position [37]. (b) Effect of applied
DC field of 5 kOe on the xac of [MnR4TPP|[TCNE]
where R = OC12Has substituted into para position (see
part (a)). Inset: In f vs. 1/T plot [38].

above point to the fact that applied DC field attenuates
the dipolar interchain coupling and brings in the mag-
netic isolation of the chains and thus the single chain
magnet behaviour. The intermediate properties, show-
ing both blocking (T = 5.4 K) and phase transition
to the ordered phase (T. = 8.8 K) is revealed by the
[MnR,TPP|[TCNE] compound where fluorine is substi-
tuted to the meta position [38, 42]. Figure 17 shows
the two contributions to the Argand plot: the left hand
side arc with larger distribution of relaxation times cor-
responds to blocking, whereas the one with smaller « is
due to phase transition. The different character of the
xac anomalies at Tg and at T, was checked by the mea-
surement of nonlinear susceptibilities. It was found that
the second and third harmonic components were present
only at T close to T, but were absent in the region of T%.
Therefore, blocking is not a phase transition in the ther-
modynamic sense. Parameter X for phase transition was
0.015, while the one for blocking was much larger and
equaled 0.058 [38], similarly to that of cluster [22] or frac-
tal spin-glasses [42].

On the basis of the presented results we conclude that
slow relaxation is an inherent feature for all compounds
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Fig. 16. Argand plots at several DC fields for [MnR4

TPP|[TCNE], where R = OCHs substituted into para
position [16].
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Fig. 17. Argand plot for [MnR4TPP][TCNE], where

R = F substituted into meta position; contribution from
blocking and phase transition are visible [38].

of the [MnR4TPP|[TCNE] family. For the magnetically
ordered compounds it is apparent in the AC susceptibility
as a frequency dependent bump at temperatures below
T. or may show up in the high enough magnetic field.
The superimposed DC magnetic field destroys the anti-
ferromagnetic coupling between the chains and brings in
magnetic isolation of the chains. A strong dependence of
the AC susceptibility on frequency, observed in a number
of ordered quasi-one-dimensional compounds, previously
interpreted in the frames of spin (spin-cluster) glass [43],
originates from SCM features. However, the true single
chain magnet behaviour is a unique property, which rules
out any magnetic transition to the collective phase.

Frequency dependent AC susceptibility measured at
different applied DC fields may deliver still more infor-
mation on magnetic relaxation. Field dependence of ac-
tivation energy FE, and of the Arrhenius prefactor 7,
determined from such measurements, should reflect the
type of the mechanism of relaxation. Figures 18 and 19
present the effect of external magnetic field on F, and on
7o for the single chain magnet [MnR,TPP][TCNE], where
R = ortho-F [39] and for the related compound with R =
meta-F [38], which shows both blocking and phase tran-
sition to the ordered phase (see text above and Fig. 17).
Despite the similar value of E, at zero field, the depen-
dence of activation energy on applied field looks quite dif-
ferent. As seen, for R = ortho-F, E, at Hpc < 1.5 kOe
does not change and for higher field gradually decreases.
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Fig. 18. Effect of applied magnetic field on activa-
tion energy for molecular single chain magnet [MnR4
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Fig. 19. Effect of applied magnetic field on activation
energy for [MnR4TPP|[TCNE], where R = meta-F. In-
set: field dependence of time 7o [38]. Solid lines are
guides.

For R = meta-F, already at H ~ 200 Oe E, drops down
to the half value and then stays constant at the value
E, = 70 K, while the preexponential factor increases up
to 7o &~ 5 x 1072 s and then does not change. This ef-
fect suggests that applied magnetic field divides magnetic
chains into shorter segments and relaxation of terminal
spins is observed [44].

5. Summary

The paper presents the short review of AC magnetic
susceptibility results obtained for the representative con-
ventional, molecular and low-dimensional magnets. It
is shown that experimental possibilities of the AC tech-
nique, namely the varied frequency and amplitude of the
oscillating field, applied DC field and detection of the
nonlinear susceptibilities, allow to study in detail mag-

netic phase transitions and relaxation of the spin sys-
tems. Information may be obtained on: temperature of
the long-range ordering, ~ critical exponent, type of the
magnetic transition, phase diagram in the DC field, re-
laxation time and/or its average value and distribution,
activation energy and its dependence on the DC field;
ferro-(ferri) and antiferromagnetic behaviour may be dis-
tinguished as well. The following examples were given:

e unique phase transition showing signatures of
the Kosterlitz—Thouless transition in the quasi-2D
(tetrenHs)o s Cugy[W(CN)g]4-aH20 compound with
XY anisotropy,

e antiferromagnetic commensurate to the sine-wave
modulated incommensurate phase transition in the
intermetallic compound TbCosSis registered as an
anomaly in the dy’/dT dependence;

e spin glass transition above the Néel temperature
of a frustrated antiferromagnet TbAuln identified
with higher harmonics of xac;

e dependence of yac on the amplitude of the oscil-
lating field tested with an aim to distinguish ferro-
(ferri) and antiferromagnetic phases in rare earth
metals and intermetallics (Th, GdPdIn, DyPdIn)
and to determine the spin reorientation tempera-
ture (Gd);

e relaxation in the paramagnetic CrK(SOy4)2-12H50
alum placed in the DC magnetic field;

e relaxation and blocking in the ferritin superpara-
magnetic nanoparticles;

e slow relaxation in molecular nanomagnets: single
molecule magnets and Mn-porphyrin based single
chain magnet, distribution of relaxation times;

e slow relaxation and  blocking in  the
[MnTPP][TCNE] family of molecular magnets
showing phase transition;

o effect of applied magnetic field on activation energy
in the single chain magnet and in the related quasi
1D molecular compound.

Results of the investigations have been complemented
with a brief description of magnetic relaxation.
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