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Effect of an applied magnetic field on the relaxation time of single-chain magnets
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Single-chain magnets (SCMs) are one-dimensional systems in which the relaxation of the magnetization
becomes very slow at low temperature. This singular behavior is due to the vicinity of the critical point located
at vanishing temperature (7=0) and applied magnetic field (H=0). In order to optimize the properties of these
nano-objects, detailed studies of the observed critical behavior are necessary. However, previous works on the
SCM relaxation have essentially analyzed experimental data in the absence of applied magnetic field. We
discuss in this paper the effect of applying a magnetic field on two different examples of single-chain magnets.
These samples have been previously described in the absence of magnetic field and considered as model
systems since their chains are composed of a regular one-dimensional (1D) arrangement of anisotropic trimer
units. These magnetic trinuclear motifs can be described at low temperature as effective spins coupled ferro-
magnetically. Theoretical results relevant to analyze our data in the presence of an applied magnetic field are
first described. We also present a simple numerical approach to discuss finite-size effects relevant in SCM
systems. Experimental data, including ac and dc data on powder samples and single crystals, are then pre-
sented. These results are analyzed and compared with the theoretical predictions deduced for the 1D Ising
model. At low field, for h¢<<1 (where £ is the correlation length normalized to the unit cell parameter and
h=uH/kgT is the dimensionless applied field) or for AL <1 when finite-size effects are relevant (L being the
chain length normalized to the unit cell parameter), we show that experimental data reproduce the critical
behavior expected from the theory. Moreover, the obtained values of £ or L are in excellent agreement with the
estimation deduced from susceptibility data. At higher fields, for 7{>1 or hL>1, we show that the field
dependence of the relaxation time is drastically different for the two samples. This difference is understood
taking into account the field dependence of the relaxation time of the effective spins located inside a domain

wall.

DOI: 10.1103/PhysRevB.76.214422

I. INTRODUCTION

The search for new magnetic nanomaterials suitable for
information storage is presently a very active field of re-
search. Among others, single-chain magnets (SCMs) have
been recently described. Although the first experimental re-
port of such systems is quite recent,' the number of SCM
compounds and their experimental studies are rapidly
increasing.? SCM materials are essentially composed of
magnetically isolated chains. At thermal equilibrium, the re-
sulting one-dimensional system remains in a paramagnetic
phase at any finite temperature but can be prepared at low
temperature in a metastable state with a finite magnetization
in the absence of any applied magnetic field. The reason for
this striking behavior is the coexistence of strong uniaxial
anisotropy and intrachain magnetic correlations. In this case,
the characteristic time for the relaxation of the magnetization
becomes very long at low temperatures. A finite magnetiza-
tion can then be frozen in the absence of magnetic field and
the material can be considered as a magnet.

For a theoretical understanding of the SCM behavior, the
simplest case is a chain composed of a regular arrangement
of identical ferromagnetically coupled magnetic units. The
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low temperature increase of the relaxation time can then be
discussed as a critical slowing down resulting from the vi-
cinity of the ferromagnetic critical point located for this one-
dimensional system at T=0 and H=0 (i.e., at vanishing tem-
perature and applied magnetic field). While a divergence of
the relaxation time is expected for any order parameter di-
mensionality, the largest effect is obtained for “Ising-like”
systems with an easy magnetic axis. In fact, in this case, the
magnetic correlations are the most developed between mag-
netic units at a given temperature and for a given strength of
the magnetic interaction as the correlation length ¢ varies
exponentially at low temperature for an infinite chain.? Al-
though some theoretical analysis of more complex chains is
still possible, it is important to analyze experimental results
on simple SCMs for a detailed comparison with the theory.
This confrontation is certainly a crucial step for further im-
provements of these materials, in particular, for future appli-
cations to information storage.

In this paper, we will describe two examples of such SCM
systems in which the chains can be described as a regular
arrangement of [Mn"-Fe-Mn'"] and [Mn"™-Ni""-Mn""] tri-
nuclear units, respectively.>= In these chains, dominant anti-
ferromagnetic interactions are found inside the trimers, i.e.,
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between Mn and Fe or Ni atoms, while weaker ferromagnetic
couplings exist between Mn atoms. Then, the trimer motifs
can be magnetically described at low temperatures as single
effective spins (S=9/2 and S=3, respectively) coupled fer-
romagnetically. The chains are then described as a regular
array of these magnetic units. Moreover, the presence of
single ion anisotropy brought by the Mn(III) metal ions im-
plies that each trinuclear motif is an anisotropic unit exhib-
iting an easy axis pointing in a unique direction along the
chain.3= Therefore, these examples of single-chain magnets
can be considered as model systems for a detailed analysis of
the magnetic relaxation.

As far as we know, magnetic relaxation of SCMs has only
been studied at nonzero field via the field sweep rate and
temperature dependence of the coercive field.® The data were
analyzed with a model of thermally activated nucleation of
magnetization reversal. Below 1 K, the coercive field be-
came temperature independent but remained strongly sweep
rate dependent. In this temperature range, it was proposed
that the reversal of the magnetization is induced by a quan-
tum nucleation of a domain wall that then propagates due to
the applied field. However, the effect of an applied magnetic
field on the critical behavior has not been considered yet and
is the topic of this report. The organization of the paper will
be as follows: (i) The theoretical background relevant for the
analysis of the experimental results will be presented in Sec.
IL, including a numerical study to discuss finite-size effects
expected to be relevant in a real sample at low temperature.
(ii) Experimental results will be presented in Sec. III. (iii)
Their analysis in relation with Sec. II will then be given in
Sec. IV. Finally, (iv) Sec. V will present our concluding re-
marks.

II. THEORETICAL BACKGROUND

A. Thermodynamic properties

As mentioned in the previous section, the SCM systems
studied in this paper are composed of trinuclear units that
can be described as single anisotropic magnetic motifs at low
temperature. Quite generally, the anisotropy energy is finite
and should be compared with the exchange coupling be-
tween neighboring magnetic units. Introducing single ion an-
isotropy, a realistic Hamiltonian to describe a chain is the
anisotropic Heisenberg model:

+00

400
H=-2J25,5,,+D> S2, (1)

where J and D are, respectively, the exchange and anisotropy
energies. Taking z as the easy axis, D is negative (we will
only consider this case in the following). In Eq. (1), each
magnetic motif composing the chains is described as an ef-
fective spin of size S. Ferromagnetic couplings between
these units imply that J is a positive energy. In the large
anisotropy limit (|D|>J), the anisotropic Heisenberg model
can be reduced to the Ising Hamiltonian:
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where J,=2JS? is the effective Ising exchange interaction
and 0,=+1 describes the orientation of the pth magnetic
unit of the chain.

Exact thermodynamic results are available in one dimen-
sion for Hamiltonians (1) and (2).” In both cases, the low
temperature magnetic ground state can be described as large
oriented domains of average size 2¢ (where ¢ is the correla-
tion length) separated by narrow domain walls. ¢ increases
exponentially for an infinite chain with an activation energy
equal to the creation energy of a domain wall. When the
anisotropy energy is large enough (|D|/J>4/3), narrow do-
main walls are obtained and the activation energy of ¢ be-
comes 2J,.2 The two SCM systems described experimentally
in this paper are expected to be in this limit.>>> Note that this
activation energy is readily obtained when plotting x7 versus
1/T (where x is the spin susceptibility) as this quantity is
proportional to the correlation length.>’

To conclude this short paragraph, it is useful to mention
that thermodynamic properties of a finite Ising chain have
also been described.® As expected, x7T saturates when the
chain length becomes of the order of &, i.e., when the growth
of the magnetic correlations is limited by finite-size effects.

B. Dynamic properties at H=0

The study of the dynamic properties has been essentially
developed using the Ising model. In the one-dimensional
case, the pioneering work to investigate the dynamics is due
to Glauber.’ The Glauber model is a stochastic description of
the dynamics assuming that the transition probability for a
given spin only depends on the local field experienced by
this spin. More precisely, the Glauber choice for the transi-
tion probability of a given spin o, is

1

Y
2_7_0<1 - Eap(o-p—1+0-p+1)>’ (3)

(1)1,0(0'[,) =
where y=tanh(2J,/kzT) (kg is the Boltzmann constant and T
is the temperature) and 7, is the characteristic time for a spin
flip in the absence of internal field (called 1/« in Ref. 9). In
SCMs, one expects 7, to be activated with an activation en-
ergy related to the anisotropy barrier experienced by each
spin unit composing the chain.* With this assumption, an
exact solution can be obtained in the one-dimensional case in
the absence of applied magnetic field. The main result is a
divergence of the relaxation time as

A7) =27, (4)

where £ is the correlation length normalized to the unit cell
parameter. This simple result essentially relies on random
motion of the domain walls'® and should also be valid for
large but finite anisotropy. In the Ising limit and at low tem-
perature, £ is equal to e?X/2, where K=J,/kgT."! For the
same reason, Eq. (4) is not specific to the Glauber model and
other expressions of the transition probability give the same
dynamical critical exponent.'?> This argument will be further
developed in the next section.
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Although most of the theoretical studies have been de-
voted to infinite chains, finite-size effects have been de-
scribed in real SCM systems.*!3 In fact, a small number of
defects are always present in real materials. As the tempera-
ture decreases, the correlation length of the infinite chain that
increases exponentially becomes larger than the mean dis-
tance between two defects. A crossover temperature is then
reached, and finite-size effects become relevant at lower tem-
peratures. In this case, the conclusions of the Glauber model
for the infinite chain are no longer valid. In this limit, the
chain should be divided into finite segments and the simplest
description is obtained assuming that all the segments have
the same size L. The relaxation of such a segment for H=0
has been previously described in the literature.'*!> Far below
the crossover temperature, the scaling of the relaxation time
becomes

A7) = 7oéL, ()

where both & and L are normalized to the unit cell parameter.
An equivalent expression in the Ising limit and at low tem-
perature is o(7)=7,Le*X/2.

C. Dynamic properties at H# 0

Describing the dynamics of an Ising chain under a mag-
netic field is more complex. The Glauber assumption for the
transition probability becomes

wp(o-p) = pr(O-p)(l - Co-p) > (6)

where w,(0,) is given by Eq. (3) and C=tanh(uH/kT) (u
is the magnetic moment of each magnetic unit).

When H#0, this model has never been exactly solved
even for a chain. However, several publications have dis-
cussed the effect of an applied magnetic field on the Ising
chain dynamics. Many of them are dedicated to biopolymers
and to the description of the helix-coil transition.'®-23 In fact,
a simplified description of this transition relies on a two-state
model where a macromolecule of N segments is built with
either helix (equivalent to o;=+1) or coil (equivalent to o;
=—1) units. The two parameters introduced to describe the
equilibrium properties are called o and s. The correspon-
dences with the Ising model are o=¢"* and s=e¢?", where h
is the dimensionless field parameter: h=uH/kgT. The dy-
namics is, in the most general case, controlled by three ki-
netic parameters as illustrated in Fig. 1. First, kp is the rate
constant for the growth of a helix domain (or a spin up do-
main in the Ising description). The rate constant of the in-
verse process should be kp/s to satisfy the detailed balance
condition. Second, there are two other kinetic parameters,
and vy, associated with the coil and helix nucleations. Again,
the detailed balance condition imposes the rate constants of
the inverse processes (see Fig. 1).

In the frame of the Glauber model [considering Eq. (6)],
there is only one kinetic parameter, i.e., kz(h=0), that we
called 1/7, in our previous publications.>® Using Eq. (6),
one deduces?>?*
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FIG. 1. Definition of the different kinetic constants for the dy-
namic equations: (a) cluster growth and (b), (c) cluster nucleation.

_i K s+1 s+1

kp= s> YH=
Tos+ 1

Yc= (7)

so+1° Cs+o
However, different field dependences of these parameters are
also possible. The only condition required to preserve the
symmetry of the problem is 7(h)=7(—h). This implies

kp(s) = skp(1/s) and  yc(s) = yu(1/s). ®)
The dynamics can then be formulated in terms of kinetic
equations for cluster concentrations. Quite generally, one ex-
pects a “polydisperse” (i.e., a “multitime”) relaxation, and
the dynamic response of the system is therefore complex.
However, the essential information on the relaxation is cap-
tured with the so-called initial relaxation time, which can be
explicitly obtained for a linear response of the system. The
result for the infinite chain is

1 (s—1)2+40's< No—s
T_kF s\g 1-'-(’y[-"_l)(l+s))\0
s(7\0—1)>
+(ye- 1)—(1+S))\0 , )

where No=(s+1+(s—1)*+40s)/2.

The result for the Glauber model is readily obtained in-
troducing the expressions of the kinetic coefficients given by
Eq. (7).2° The general result given by Eq. (9) can be simpli-
fied at low field when he’ <1 to describe the critical re-
gime. In this case, the last term of Eq. (9) becomes negli-
gible, and a simplified expression of the relaxation time is

1 2kp(h? + o). (10)

As expected for a ferromagnetic critical point, # has a strong
effect on the critical behavior and the relaxation time rapidly
decreases with & at a given temperature. A universal result is
then obtained for the infinite chain in the critical regime
(neglecting the field dependence of kp):
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nh=0)
W= o

The same expression has also been deduced from other the-
oretical studies.?0~2*

The nonlinear response has also been investigated and
compared with the linear case.!'®32* Strictly speaking, the
linear and nonlinear results are different, and this difference
is the largest for intermediate values of 5.2 The local-
equilibrium approximation described in the next section
gives a simple opportunity to estimate this difference. The
linear response is easily obtained (see Appendix A), and the
nonlinear solution can be explicitly written for any initial
conditions.?’ Starting, for example, with a saturated magne-
tization at =0, we have checked that the nonlinear response
can be reasonably approximated to a single exponential sig-
nal for small values of o=exp(—4K), while the deduced re-
laxation time was close to the one obtained for the linear
response.’’ Therefore, our experimental results will be essen-
tially compared with the theoretical linear response for
which explicit and compact results are available.

Finite-size effects have also been previously discussed in
the literature.'?21222%3! In this regime, the critical behavior
is expected to be blunt. The most explicit expression of the
relaxation time of a finite chain is found in Ref. 19 consid-
ering the linear response in the case y-=7yy=1. The kinetic
coefficients, giving the transition probabilities of Ref. 15 at
the chain ends, correspond to 8=8'=1 [see Eq. (43) of Ref.
19]. The scaling law at H=0 [i.e., Eq. (5)] is obtained (see
Fig. 6 of Ref. 19) and a complex expression of the relaxation
time for H # 0 is also given. However, this expression can be
simplified at low temperature (when o—0) and for small
values of i (typically for Lh<<3) as

7(h=0) _ tanh(Lh)
Hh)  Lh(l - tanh*(Lh))’

(12)

This result shows that Lh becomes the relevant reduced vari-
able. Moreover, in the critical regime (Lh<1), the approxi-
mate low temperature expression becomes

h=0)

h)= ————. 1
) 1 +2L%h%/3 (13)

D. Numerical study of the finite chain

Although theoretical expressions of the relaxation time
for H+# 0 are available even for finite chains, we have devel-
oped a complementary numerical treatment of the dynamics.
Several reasons and limitations of the available theoretical
expressions have initiated this approach. First, as far as we
know, a general and compact expression of the relaxation
time using the Glauber coefficients [Eq. (7)] is not available.
Second, in the available theoretical approaches, the kinetics
of the transition is described in terms of dynamic cluster
concentrations rather than in terms of time dependence of the
spin values (as it was the case for H=0). Moreover, for a
finite chain, the eigenmodes associated with the smallest
eigenfrequencies cannot be easily obtained, and the rel-

PHYSICAL REVIEW B 76, 214422 (2007)

0.1

% 0.01
> 0

= mode 1

o s mode 3
0.001 < e mode5 4
infinite chain model
- Schwarz model
O.M)()l 1 L 1 1 L
0 0.1 02 03 04 0.5 0.6

FIG. 2. (Color online) The eigenfrequencies (normalized to
1/7y) of three slowest symmetric modes (H, A, @) as a function of
C for K=3 and L=20. The continuous line gives the result for the
initial time of the infinite chain. The dotted line gives the result for
the finite chain (K=3 and L=20) using the simplified Schwarz
model (Ref. 19).

evance of a single-time approximation cannot be simply dis-
cussed. Overall, these limitations motivate us to develop a
numerical treatment to this problem. To generalize the ap-
proach described in Refs. 9 and 15 for H # 0, some approxi-
mations are necessary. In fact, even using Eq. (6), Glauber
has shown that the problem becomes more complex when a
magnetic field is applied. In this case, the differential equa-
tions describing the dynamics of the average spins contain
pair-correlation terms [see Eq. (85) of Ref. 9]. In the same
way, the equations describing the dynamics of pair-
correlation functions contain correlation functions of higher
order and so on. This complex system of coupled differential
equations has no simple solution but several approximations
can be proposed to simplify the problem. Some of them have
been already introduced for the infinite chain.”’ Among
them, the “local-equilibrium” method assumes that the rela-
tion between the pair-correlation function and the magneti-
zation is the same at any time as at thermal equilibrium. For
the infinite chain, a single nonlinear differential equation is
then sufficient to describe the dynamics of the magnetization.
Remarkably, this nonlinear equation is exactly soluble and
can be linearized to describe a small departure from equilib-
rium (the linear response of the system). We show in Appen-
dix A that the resolution of this linear equation is straight-
forward. The obtained relaxation time describes correctly the
critical regime [i.e., gives Eq. (11)] but also reproduces the
solution of the Glauber model [Eq. (9) using the kinetic co-
efficients given by Eq. (7)] as long as the obtained relaxation
time remains significantly larger than 7,. As this condition is
always valid to analyze experimental results, this approxima-
tion can be used to discuss the dynamics of the finite chain.
Details of the calculation are given in Appendixes B and C.
Indeed, the method described in Ref. 15 can be fully gener-
alized in the presence of a magnetic field. After linearization,
the set of equations is used to determine numerically the
eigenfrequencies and the corresponding eigenmodes of the
chain and to discuss the critical regime. These calculations
have been performed using SCILAB, an open source platform
for numerical computation.?

Let us first comment on the results on the eigenfrequen-
cies and eigenvectors. Quite generally, either symmetric or
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FIG. 3. (Color online) Components of the eigenvectors of three
slowest symmetric modes for K=3 and L=20: (a) C=0.1, (b) C
=0.25, and (c) C=0.6. The normalization is such as Eszlxlz,: 1.

antisymmetric modes are found, for which x(1)=+x(L), re-
spectively, where x(p) is the component for the site p (1
<p<L) of a normalized eigenvector. Only the symmetric
modes that bear a magnetization will be considered in the
following. An example of the three smallest eigenfrequencies
for K=3 and L=20 is given in Fig. 2. The data above C
=0.6 are not shown as the validity of the local-equilibrium
approximation becomes questionable in this field regime (as
7o/ T becomes too close to 1 even for the slowest modes).
Two distinct field domains should be distinguished: (i) at low
field (C<0.3), the slowest mode has a frequency much
smaller than the one of the other modes and, therefore, the
single-time approximation should be valid; (ii) on the other
hand, the difference between successive eigenfrequencies be-
comes smaller at higher fields. For a deeper discussion, the
corresponding eigenvectors should be considered as shown
in Fig. 3 for three selected values of the magnetic field. Fig-
ure 3(a) is representative of the case C<<0.3 that is a situa-
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FIG. 4. (Color online) Weight of the different modes S
=E§:1xp for the three modes considered in Fig. 3 as a function of C.

tion reminiscent of the 7=0 case where x(p)occos[(p—(L
+1)/2)6;], with 6,=(i—=1)(2m/L) (i is the mode number)."
When C increases, the slowest mode (mode 1) is more and
more localized at the chain ends [see Fig. 3(c)], and at the
same time, its weight decreases as illustrated by Fig. 4 (the
weight of a given mode is defined by the quantity S
=EIL,=1xp as 3 is proportional to the magnetization carried by

. . . . . L 2
this mode, with each eigenvector being normalized: % _x,
=1). Then, above C=0.3, the single-time approximation be-
comes questionable as several modes become equally impor-
tant. Simultaneously, the obtained frequencies become closer
to the one of the infinite chain result (continuous line in Fig.
2), suggesting that finite-size effects are more drastically ex-
pected at low field (C<<0.2 in the case of Fig. 2). Finally,
Fig. 2 also shows that the result of the Schwarz simplified
model (dotted line) remains close to our numerical estima-
tion below C=0.6. Therefore, kinetic parameters y. and yy
obviously do not play a critical role at low field, in the re-
gime where the experimental results will be described in the
next section.

Similar conclusions are obtained for other values of L and
K as exemplified for K=3 and L=100 by Figs. 5 and 6 that
give, respectively, for the modes bearing some magnetization
the three smallest eigenfrequencies and the corresponding
eigenvectors for two values of C. The weight of these three
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. 4 mode 3
’ e mode 5
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FIG. 5. (Color online) The eigenfrequencies (normalized to
1/7) of the three slowest symmetric modes as a function of C for
K=3 and L=100. The continuous line gives the result for the initial
time of the infinite chain. The dotted line gives the result for the
finite chain (K=3 and L=100) using the simplified Schwarz model
(Ref. 19).
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FIG. 6. (Color online) Components of the eigenvectors of three
slowest symmetric modes for K=3 and L=100: (a) C=0.03 and (b)
C=0.2. The normalization is the same as for Fig. 3.

slowest modes is also given in Fig. 7. In this case, the low
field behavior is restricted to C <0.04. Again, the first mode
becomes mostly localized at the chain ends at higher fields,
while the next dominant modes have a frequency close to the
one of the infinite chain. As for L=20, the result of the
Schwarz model is close to the frequency of the slowest
mode.

From this numerical approach, the critical regime (he*(
<1 or hL<1) can be described in detail. As the magnetic
field is small in this domain, there is no need to distinguish
between & and C. For these small field values, the frequency
follows a quadratic & dependence, i.e., introducing the nor-
malized frequency v, (h)=7(h=0)/7(h), the low field ex-
pression of this normalized frequency reads w,,(h)=1
+(a;h)?. Figures 8 and 9 give the deduced value of a; as a
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FIG. 7. (Color online) Weight of the three modes considered in
Fig. 6 as a function of C.

PHYSICAL REVIEW B 76, 214422 (2007)

038 !.‘"""“"‘Ido‘.‘ i
1
\y
d 06 - 1 1
Py e L=50 o
\.__]/ = L=100 3
- [« L=200 ]
o~ 04 & L=300 1
v L=400 b/
, L=500 .
02 N N ]
.0
0 b ! . LS.
0001 001 0.1 1 10 100 1000
x=L

FIG. 8. (Color online) Numerical estimation of a; normalized to
the chain length as a function of x=L/§&. This parameter is defined
from the field dependence of the normalized frequency, v, (h)=1
+aizh2, valid at low field.

function of the reduced variable x=L/&. When normalized to
L (Fig. 8), a; saturates to about 0.82L at low temperature, i.e.,
to a value consistent with Ly2/3 as predicted by Eq. (13)
deduced from the Schwarz model. A crossover is also ob-
served when x=2, i.e., when the size of the correlated do-
mains (2€) equals the chain length (L). This crossover is also
emphasized by Fig. 9, which shows a; normalized to 2¢
=e?(. A master curve is found for the investigated values of
the chain length: a;=2&f(x\2/3), where the function f is the
one introduced by Luscombe et al.'® to describe the cross-
over for H=0: 7,=7,f(x), 7, and 7., being the relaxation
time of the finite and infinite chains, respectively.** To sum-
marize, the present numerical results give a simple descrip-
tion of the critical regime for a single-chain magnet at any
temperature and chain length that will be used to analyze the
experimental data in the next section.

III. EXPERIMENT

In the last few years, a large number of new materials
have been reported as being single-chain magnets.> Most of
them have a complex chain structure, and the comparison
with simple theories is difficult. In fact, their magnetic be-
havior is, most of the time, simply characterized by dynamic
susceptibility measurements to deduce the temperature de-
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FIG. 9. (Color online) Numerical estimation of a; normalized to
2&=¢X as a function of x=L/¢. The continuous curve is the func-
tion f introduced in Ref. 15 plotted as a function of 0.82x.
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pendence of the relaxation time for H=0. However, a series
of materials has been published which presents a much sim-
pler structure.>> These chains present a regular ferromag-
netic arrangement of trinuclear units that can be viewed as
effective spins at low temperature. To study the effect of an
applied magnetic field, we have chosen two of these systems.
The first sample is (NEt,)[Mn,(5-MeOsalen),Fe(CN)4] ab-
breviated as the Mn/Fe chain in the following. In this sys-
tem, the chain magnetic unit is a [Mn™-Fe"-Mn'"] trimer
that can be described as an effective $S=9/2 spin at low
temperature.’ The second one is
[Mn,(saltmen),Ni(pao),(py),](ClO,), abbreviated as the
Mn/Ni chain in the following, where the magnetic unit com-
posing the chain is a [Mn"-Ni""-Mn'"] trimer which can be
described as an effective S=3 spin at low temperature.®*

A. Summary of the magnetic properties at H=0

A detailed magnetic characterization of these two samples
including a comparison of static and dynamic properties in
the absence of applied magnetic field can be found in Refs. 3
and 5. Nevertheless, the most important results necessary to
discuss the field effect are summarized briefly here. To em-
phasize the one-dimensional Ising-like behavior, the zero
field susceptibility can be presented plotting In(xT) versus
1/T. A straight line is obtained at low temperature when the
magnetic correlation length varies exponentially, i.e., when
the effective spin approximation becomes valid. The normal-
ization of xT to 1 when 1/T vanishes (i.e., at infinite tem-
perature) leads to a quantity that will be called N(7) in the
following. According to the theory, A(7) should be equal to
¢?X in the exponential regime and to L below the crossover,
when finite-size effects become relevant. Figure 10(a) gives
N(T) versus 1/T for the Mn/Fe chain as deduced from the
data of Ref. 5. An exponential regime is, in fact, observed
experimentally, and the saturation at about 1.5 K has been
described as the manifestation of finite-size effects. The
slope in the exponential regime gives an estimation of the
exchange energy, J;/kz=3 K, using the notation introduced
in Sec. II. The temperature dependence of the relaxation time
in the absence of applied magnetic field has also been re-
ported. A semilogarithmic plot of 7(7) versus 1/T gives two
linear regimes consistent with the theoretical predictions for
the infinite chain and the finite-size regimes, respectively.
The corresponding slopes are, respectively, equal to 31 and
25 K. These values are in quantitative agreement with Eqs.
(4) and (5) if J,/kg=3 K (consistent with the susceptibility
data) and A,/kz=19 K, where A, is the activation energy of
To-

Similar results have been found for the Mn/Ni chain. Fig-
ure 10(b) gives N(T) versus 1/T for the Mn/Ni chain as
deduced from the data of Ref. 4. The slope in the exponential
regime gives a larger value of the exchange energy, J;/ kg
=14 K, which explains that \(7T) saturates at a much higher
value, close to 80 in the present case. As in the previous case,
the relaxation time exhibits two activated regimes, with cor-
responding slopes equal to 74 and 55 K, respectively. These
two energy gaps are also in agreement with the former value
of Jj, with A,/kp=23 K.
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FIG. 10. (Color online) Semilogarithmic plot of N(7) (defined in
the text) as a function of 1/T (full dots). (a) Mn/Fe chain. Open
dots and open squares give the value deduced from the analysis
given in Sec. IV, respectively, for ac and dc relaxation data. (b)
Semilogarithmic plot of A(7) for the Mn/Ni chain.

To conclude this short presentation, it should be noted that
in both systems, A(7) is not strictly constant below the cross-
over temperature but rather decreases slowly with tempera-
ture (see Fig. 10). This behavior has been imputed to a small
departure from the ideal one-dimensional behavior of a finite
chain, due, for example, to small interchain couplings.4 This
means that N(7) should be considered in the low temperature
regime as a weakly temperature dependent effective chain
length. This argument will be used in the following section to
analyze the field dependence of the relaxation time of these
systems.

B. Single-chain magnet behavior under magnetic field
in the Mn/Fe chain

To deduce the relaxation time for different values of the
applied magnetic field, ac susceptibility was first measured
as a function of the frequency at a given temperature and
field on a powder sample. The measurements have been per-
formed using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer MPMS-XL with
an oscillating ac field of 3 Oe and frequencies ranging from
1 to 1500 Hz. Figures 11(a) and 11(b) give, respectively, the
real and imaginary parts of the ac susceptibility for selected
values of the magnetic field at 1.8 K. The variation of char-
acteristic frequency (i.e., of the inverse of the relaxation
time) with the applied field is readily obtained taking the
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FIG. 11. (Color online) Real part (top) and imaginary part (bot-
tom) of the ac susceptibility at 1.8 K of the Mn/Fe chain for se-
lected values of the applied magnetic field.

maximum of the imaginary part of the susceptibility. From
Fig. 11, it is clear that the characteristic frequency increases
with the field strength. Figure 12 gives the field variation of
the normalized frequency v, at three different temperatures
(2.3, 2, and 1.8 K). The dimensionless parameter #
=uH/kgT has been introduced with u=9up the magnetic
moment of a magnetic unit and up the Bohr magneton. A
quadratic dependence is observed at low fields, while a qua-
silinear variation is found for larger % values (typically above
0.2). Moreover, it should be mentioned that v,,. versus h
plots are clearly temperature dependent even after using nor-
malized parameters. It is worth noting that these data on
powder samples cannot be directly compared to the theory,
as an average of the theoretical result should be first per-
formed to account for the distribution of the magnetic field
projections along the easy axis. This discussion will be de-
veloped in the following section.
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FIG. 12. (Color online) Normalized characteristic frequency de-
duced from ac data for the Mn/Fe chain on a powder sample: full
dots, T=2.3 K; full triangles, T=2 K; full squares, 7=1.8 K. The
continuous lines give the fit discussed in Sec. IV.
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FIG. 13. (Color online) Time dependence of the magnetization
(normalized between t=0 and =) obtained at T7=1.05 K from the
dc measurement on single crystal of the Mn/Fe chain when the field
is applied in the easy direction.

To obtain data at lower temperatures, in the finite-size
regime, we have also performed dc measurements on ori-
ented single crystals using homemade micro-SQUID equip-
ment as previously described.** In this experiment, a large
negative magnetic field (1.1 T) is first applied to saturate
the magnetization. Then, the magnitude of the field is in-
creased up to the chosen field value and the relaxation of the
magnetization is deduced as a function of time. Figure 13
gives typical results obtained at 1.05 K for different values
of the magnetic field. The relaxation time of the system is
simply extracted from the normalized data, taking the value
of the time when the normalized signal is equal to 1/e. A
large field dependence of this characteristic time is observed
and can be directly compared with the theory. First, the criti-
cal regime at very low field can be analyzed through the
expected quadratic dependence of the normalized frequency.
As shown in Fig. 14(a), this behavior is indeed observed as a
linear plot is obtained when this frequency is plotted as a
function of 4%. The resulting slope gives a; and therefore the
effective chain length N using the data shown in Fig. 8, i.e.,
A=20 and 30 at 1.05 and 1.25 K, respectively. A less accu-
rate set of data at 1.35 K gives A=35 at this temperature.
These values are reported in Fig. 10(a) (blue squares) to
show the coherence with susceptibility data. The normalized
frequency at 1.05 and 1.25 K is plotted in Fig. 14(b) as a
function of AN. A large field dependence of the relaxation
frequency is found and will be further discussed in the fol-
lowing section.

C. Single-chain magnet behavior under magnetic field
in the Mn/Ni chain

For this sample, ac measurements have been performed
on both powder sample and single crystals. In the latter case,
a Hall probe has been used in homemade equipment.** From
ac data on a powder sample performed at two temperatures
(3.8 and 4.4 K), the field dependence of the characteristic
frequency has been obtained. After normalization of the
characteristic frequency (v,,,) and using the dimensionless &
parameter with u=6u; (Fig. 15), a single master curve is
observed. In contrast with the data obtained for the Mn/Fe
chain, the field dependence for the Mn/Ni chain is very
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FIG. 14. (Color online) For the Mn/Fe chain: (a) Quadratic
behavior obtained at low field: a linear plot is obtained plotting
Vor(h%). The deduced values of the effective length \ are 20 and 30
at 1.05 and 1.25 K, respectively. (b) Normalized relaxation fre-
quency obtained from dc measurements on single crystals as a func-
tion of AN: full dots, T7=1.05 K; full squares, 7=1.25 K. The con-
tinuous and dotted lines correspond to the numerical calculation for
(L=20, K=2.9) and (L=30, K=2.44), respectively.

weak, i.e., the relaxation time remains large even when AN
>1 [note that this regime is very quickly obtained in this
system as N reaches much higher values than the Mn/Fe
chain as emphasized by Fig. 10(b)]. This distinctive behavior
is confirmed by the data obtained at 5 K on single crystal
(Fig. 16). In this figure, the amplitude of frequency variation
is less than 3.5 between H=0 and the largest fields shown in
the figure for which the magnetization is already almost satu-
rated at equilibrium. This contrast between the dynamic
properties of two chains will be analyzed in the following
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FIG. 15. (Color online) Normalized characteristic frequency de-
duced from ac susceptibility data on a powder sample for the
Mn/Ni chain: full dots, 7=3.8 K; full squares, 7=4.4 K.
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FIG. 16. (Color online) Normalized characteristic frequency de-
duced from dc measurements at 5 K on single crystal for the
Mn/Ni chain when the field is applied in the easy direction. The
dotted line gives the theoretical prediction for L=80, K=2.8 assum-
ing a constant value of 7. Inset: The derivative of the normalized
frequency relative to 4% is shown to emphasize the extrapolation
close to 80 for 2=0. Continuous lines are guides for the eyes.

section. As in the previous case, the critical regime should
also be discussed. Because of the large values of A, this
critical domain is restricted to very low fields (typically A
<0.01), and a quadratic behavior is not so easily seen in Fig.
16. For this reason and in order to highlight this regime, the
plot of (dv,,,/dh?)"? as a function of / has been given in the
inset of Fig. 16. It is worth noting that the extrapolation at
zero field is, in fact, of the order of A =80 in coherence with
Fig. 10(b).

IV. ANALYSIS OF THE DATA
A. Mn/Fe chain

In order to compare the ac results, performed on a powder
sample, to the theory discussed in Sec. II, it is important to
realize that the powder averaging effect has to be taken into
account in the model (by assuming a random distribution of
the easy axis among the powder sample that implies a distri-
bution of the component of the magnetic field along the easy
axis and therefore a distribution of the magnetic responses).
The calculation of the resulting field dependence of the re-
laxation frequency for an infinite chain is given in Appendix
D. The obtained results (continuous lines in Fig. 12) can then
be compared with the experimental data that are essentially
obtained in the exponential regime, i.e., above the crossover
temperature induced by finite-size effects. As shown in Fig.
12, an excellent agreement is found both at very low field (in
the critical regime) and at higher fields up to 2=0.4. The
deduced values of A=e?X are reported in Fig. 10(a) (red
dots). As for dc data, they are in excellent agreement with the
estimation of N(7) from susceptibility data (note that there is
no adjustable parameter for this analysis). This result high-
lights that (i) the expected critical behavior is, in fact, ob-
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served and (ii) an agreement with the theory is also preserved
for field values up to he*! of the order of 8—11. However,
both at 1.8 and at 2 K, a significant departure between the
theory and the experiment is found above 2= 0.4 that will be
discussed after analyzing further the dc data that are shown
in Fig. 14. As these data are taken in the finite-size regime,
the values of N deduced from the analysis of the critical
regime should be interpreted as a temperature dependent ef-
fective chain length of the system (see previous section).
Then, these experimental results should be compared with
the theoretical curves obtained for the same values of L (K is
also known as J; has been estimated from susceptibility
data). These theoretical data are given in Fig. 14: the con-
tinuous line corresponds to 7=1.05 K (L=20, K=2.9), while
the dotted line is associated with T=125K (L=30, K
=2.44). As for the ac data, the agreement is only realized at
low field and a significant departure between the experiment
and the theory is found above hN=1. To understand this
result, it should be realized that the theoretical curves are
obtained assuming that 7, [introduced in Eq. (3)] is not field
dependent. In reality, the characteristic time for a spin flip of
a magnetic unit inside a domain wall is probably changing
with H. The situation of this magnetic unit is, in fact, close,
although not identical, to the one experienced by an isolated
unit. In this latter case, the magnetic unit can be considered
as a single molecule magnet (SMM) for which the field de-
pendence of the relaxation time has been extensively studied.
In fact, the characteristic time of a SMM is expected to in-
crease as the magnetic field increases. In particular, a large
effect is predicted when quantum effects are relevant for the
relaxation process, and a quadratic dependence of the relax-
ation time is then predicted in a simple approach.’ To esti-
mate the field variation of 7, the ratio between the experi-
mental points and the theoretical estimation of the SCM
relaxation time has been made for L=30, K=2.44. The result
is given in Fig. 17(a) and is, in fact, consistent with a qua-
dratic field variation of 7,. The continuous line gives the fit
assuming a quadratic dependence: 7y(h)/ 75(0)=1+(h/he)?,
with h(,=0.385. This also implies 7,(H)/ 7,(0)=1+(H/H,)?,
with Hy=244 G.

A further analysis can be made comparing this result with
the one obtained for isolated trinuclear motifs. In the case of
the Mn/Fe chain, a sample presenting such quasi-isolated
magnetic units, (NEt,)[Mn,(salmen),(MeOH),Fe(CN)],
has, in fact, been synthesized and studied for H=0.> For a
deeper analysis, the field dependence of the relaxation time
has been measured on a powder sample of this system. To
compare with the chain data obtained on an oriented single
crystal, an average of the previously deduced 7y(h) [Fig.
17(a)] has been made using the technique described in Ap-
pendix D but taking y, constant (as the sample follows a
Curie behavior with a field independent susceptibility at low
field). Figure 17(b) shows that a good agreement is obtained
between experience and theory that further reinforces our
interpretation and thus the key role played by the field de-
pendence of 7, to understand the relaxation of the magneti-
zation under magnetic field in SCM systems.

B. Mn/Ni chain

Comparing with the Mn/Fe chain, the data for the Mn/Ni
chain suggest an even stronger effect of the field dependence
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FIG. 17. (Color online) (a) Deduced field dependence of
79(h)/ 75(0) for the Mn/Fe chain (full dots) and the Mn/Ni chain
(full squares), normalizing the single crystal data obtained, respec-
tively, at 1.25 and 5 K to the theoretical result. The continuous lines
give the fits to a quadratic dependence [7(h)/75(0)=1+(1/hg)?],
with 3=0.385 and 0.139 for the Mn/Fe and Mn/Ni chains, respec-
tively. (b) Comparison of the averaged result obtained from the data
shown in (a) for the Mn/Fe chain (full dots) to the experimental
data obtained at 1.8 K for (NEt,) [Mn,(salmen),(MeOH),Fe(CN)¢]
(full squares).

of 7, which, in this case, almost compensates the field de-
pendence coming from the thermodynamics. As in the previ-
ous case, the field dependence of 7, can be obtained by di-
viding the experimental data shown in Fig. 16 by the
thermodynamic theoretical result calculated for a constant 7,
value. In agreement with the estimated values of J; and L, we
have taken K=2.8 and L=80 (dotted line in Fig. 16). The
obtained result is also given in Fig. 17(a). Again, a quadratic
field dependence is observed with a value of A close to 0.14.
This corresponds to Hy=254 G. Although similar values of
H, are found, the effect on the experimental results is better
discussed considering the reduced variable 4. As shown in
Fig. 17(a), a stronger dependence of 7,(k) is then found for
the Mn/Ni chain, which can explain a more drastic influence
on the field dependence of the normalized characteristic fre-
quency. For a deeper discussion about this dependence, it
would be necessary to compare with the relaxation time of
isolated Mn/Ni trinuclear units. Unfortunately, even if mate-
rials containing almost isolated Mn/Ni trinuclear units have
been recently synthesized,® the presence of weak inter-
molecular magnetic interactions did not allow us to use them
for the present discussion. However, it can be noted that Fig.
15 shows a universal behavior when the normalized fre-
quency is plotted as a function of 4. As the thermodynamic
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contribution is a function of this reduced variable, this result
suggests that it is also the case for 7). However, a quantita-
tive theory accounting for the field dependence of 7 is still
missing, and it is hard to comment further on this result.
Moreover, ac experiments are only possible in a narrow win-
dow of temperatures (3.8 and 4.4 K in the present experi-
ment) because of the exponential temperature dependence of
the relaxation time. Therefore, the plot of the normalized
frequency as a function of H for these two temperatures is
not far from a single curve, and it is not easy to propose
accurate conclusions about the field dependence of 7, at the
present stage.

Finally, it should be noted that the obtained field depen-
dences are qualitatively similar for the two chains (at 1.25
and 5 K for the Mn/Fe and Mn/Ni chains, respectively).
This point strongly suggests a common origin for the field
variation of 7, reminiscent of those observed in SMMs.?
Therefore similar thermal and quantum effects that are well
known to control the magnetization relaxation in SMMs
might be also relevant to understand the field variation of 7,
in SCM systems.

V. CONCLUDING REMARKS

To conclude, we like to summarize the main results ob-
tained in this paper. The central problem discussed in our
work concerns the dynamic properties of single-chain mag-
nets. The underlying theoretical description relies on the one-
dimensional Ising model and its critical properties at low
temperature and low applied magnetic field. The expected
critical slowing down has been extensively discussed theo-
retically often starting from the transition probabilities intro-
duced in the pioneering work of Glauber. However, the ex-
perimental realization of the resulting singular behavior is
not so easily obtained. A striking example is given by the
study of biopolymers. Even in the most detailed studies of
this research field, only the critical regime (s=1) has been
probed.’” In the present work, we have shown that SCMs
allow a more complete experimental study including the be-
havior at higher field and thus make possible a deeper com-
parison with the theory.

To achieve this goal, we have first reviewed the main
theoretical approaches and proposed a comparison with our
own numerical results on a finite Ising chain. In this same
section, we have emphasized the universal behavior in the
critical regime but also the need to consider a model able to
describe the relaxation at higher fields. In this latter case, the
field dependence of the kinetic coefficients is expected to
play a crucial role. In coherence with the work of Schwarz,
we have shown that the major role is played by 7, that gives
for the Ising chain the relaxation time of a spin inside a
domain wall. The field dependence of the relaxation time is
then expected to result from the combination of thermody-
namic arguments on the Ising model and from the field de-
pendence of the kinetic coefficient k introduced in Sec. II.
An equivalent presentation is to assume a field dependence
of the characteristic time 7.

Experimentally, two SCM systems have been compared
and discussed in the frame of the theoretical arguments given

PHYSICAL REVIEW B 76, 214422 (2007)

in Sec. II. In both cases, the observed critical regime is con-
sistent with the theory. At higher fields, a large difference is
found between the two studied chains. This effect has been
attributed to the significant field dependence of 7, coming
from the intrinsic slow relaxation of the Mn/Ni and Mn/Fe
trinuclear units.

In summary, we have shown that the field dependence of
the relaxation time of a single-chain magnet is the result of
combined macroscopic (i.e., thermodynamic) and molecular
arguments. The present study also illustrates the importance
of probing both the temperature and field dependences for a
deep analysis of the magnetization relaxation in single-chain
magnets.
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APPENDIX A: LOCAL-EQUILIBRIUM APPROXIMATION
FOR THE INFINITE CHAIN

The kinetic equation for the average of a spin is, follow-
ing Glauber,

W% ()= € 4 2o+ o]

-2 (A1)

Up—lo-p> + <0-p0-p+1>]’
where C=tanh(h) and y=tanh(2K). In the case of an infinite
chain, each average is independent of p and one obtains

dm

+(1- =C-vyCl'y,
d ( y)m Yyl

To (A2)
where I';=(0,,_;0,,) is the first neighbor correlation function.
To apply the local-equilibrium approximation, we should use
the relation existing between m and the correlation function

at thermal equilibrium. It reads®

cosh i — Vsinh? i + ¢~*K

By=m®+ (1 =) cosh /1 + sinh? / + ¢4k’ (A3)
with
e sinh ' (A4)
\sinh? i + e~*K
This implies
ryop 2= (AS)

Vm? + (1 =m?)e*K + 1 ’

If this relation is introduced in the above kinetic equation,
one obtains a nonlinear equation describing the evolution of
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m(r). To describe the linear response of the chain (small de-
parture from thermal equilibrium), this equation should be
linearized. Introducing o&m(t)=m(t)—m,,, where m,, is the
value of m for the final equilibrium state, one obtains

ddém

7'0—+<1—7+ 'yC(d—F]> )5m=0. (A6)
dt dm/,,

A straightforward calculation gives

<d1“1>
— ] =2C.
dm/,,

This gives an exponential relaxation of the magnetization
with the characteristic time:

(A7)

70

= A8
TSyt 2yC? (A8)
At low temperature, this expression can be simplified:
nC=0)
O)=—""7r5" A9
0 1+e*C? (49)

Then, the critical behavior is correctly reproduced at low
field. Although the relaxation time is slightly underestimated
when C—1, this simple expression remains close to the
complete expression of 7 described in Sec. II outside of the
critical domain and can therefore be used to analyze the ex-
perimental data.

APPENDIX B: LOCAL-EQUILIBRIUM APPROXIMATION
FOR A FINITE CHAIN

Matsubara et al.® have given exact results for a finite Ising
chain (the spins are labeled from 1 to n). They obtain [Eq.
(3.14) of these authors]

U+ Tuphuep

L+ 10,) Gy

(B1)

<0-po-p+l>n =

where (0,), is the average value of the end spin of a chain of

size p and u=tanh K. The same authors also give [Eq.
(3.12)]:

_ C+ u(<0-p—]>p—1 + <Un—p>n—p) + u2C<Up—l>p—l<Un—p>n—p

<0- >l‘l -
r I+ uC(<o-p—]>p—1 + <O-n—p>n—p) + u2<0-p—l>p—l<o-n—p>n—p
(B2a)
and
C+u(o, 1),
(o)), = —————p=llp=l (B2b)
pe 1+ uC<0-p—1>p—l
This relation implies
+ e
(o) = ~Zelo ¥ Mgy (B3a)
1 +u(0,) (T p)np
and
(o, )+ ulo,)
<o-p+l>n: LD bp (B3b)

L+ u(o,) Ty

The next step is the linearization of Egs. (B1), (B3a), and
(B3b), to estimate &o,0,,), as a function of &o,), and
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&0ps1),- A rather long but straightforward calculation gives

X0y 1)n =40, X0y, + B,y K0y, (B4)
with

_ <0-n—p>n—p,eq - u<0p>p,eq (BSa)

" = w0, e O p)
p/p.eg\Y n—p/n-p,eq
and
<0p>p,eq - u<0'n—p>n—p,eq
B,,= (B5b)

1- u<0-p>p,eq<0-n—p>n—p,eq '

where the average values in these last two equations are
taken at equilibrium.

To conclude this calculation, the explicit expression of the
spin averages should be introduced in the above coefficients:

NV
<Up>p,eq = C)\£+l _ )\f+l _ u()\’j _ )\6) s (B6)
with
1+u P E——
N.= 5 = V(1 —u)"+4uC-. (B7)

Note that this expression is equivalent to Eq. (56) of Ref. 19.

APPENDIX C: RELAXATION OF A FINITE CHAIN
IN PRESENCE OF AN APPLIED FIELD

We consider the relaxation of a finite chain composed of n
identical Ising spins labeled from 1 to n. The corresponding
Hamiltonian is similar to the one given by Eq. (2). As before,
u=tanh K, y=tanh(2K) (K>0), and C=tanh(h), where A is
the dimensionless applied magnetic field.

The equation of motion for an interior spin is (in the fol-
lowing, the index n used in Appendix B is omitted)

W 0= €+ X0 ) + (o]

- o0+ (o0u)]. (D)

At the end on the segment, we have

d
T (o) +{0) = C + u{oy) — Culo,0) (C2a)
and
d
TO% + <0-n> = C + u<0-n—1> - Cu<0-n—10-n>~ (Czb)

Linearization of the above equations gives (introducing
X0o,)=(0,)=(0,)., Where (a,),, is the equilibrium value of
the considered spin, a similar notation being used for the
correlation functions)
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R 50,3 = X6k, + )]
[5< 10'>+5< p+l>]
(©3)
with
W12 | o) =usey - Cusloor)  (C
and
d5< n>

+ Xo,) =u&o,.,) - CuXo,.,0,). (C4b)

The local-equilibrium approximation will be used to relate
the variations of correlation functions to the spin variables.
We have shown in Appendix B that

5< p+l> Anp(S(O- >+Bnp5< +l> (CS)
where A, , and B, , are given by Eqgs. (B5a) and (B5b). Then,
Egs. (A4) and (A5) become

d&a,) vC
7-07& + 5<o'p><1 + 7(B11,p—1 + Bn,l’)>

= (1= CAy &0, 1)+ 3 (1= CA, ) 8aye),
(Co)
with
dafit 7w, (1 +uCA, &Ko) = u(l - CB, ) Xo)
(C7a)
and
Tod5<0n> +(1+ uCBn,n—l)5<0'n> =u(l - CAn,n—l)(xa’"—O'
(C7b)

These last two equations are consistent with symmetric
boundary conditions as B, ,_1=A,; and A, ,_;=B, ;. We ob-
tain a set of linear equations which can be written in a com-
pact form

TO_=—M2, (CS)

where X is a vector with n components: &o,). Numerically,
the eigenvalues and the corresponding eigenvectors can be
deduced. Considering a single-time approximation, the relax-
ation time is readily obtained from the estimation of the
smallest eigenvalue A ;, of M:

D A nin: (C9)
.

However, the different eigenvalues and eigenvectors can also
be compared to discuss the validity of the single-time ap-
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proximation. This discussion is presented in Sec. II C.

APPENDIX D: RELAXATION OF A POWDER SAMPLE

Let us assume that the relaxation of a single crystal fol-
lows the Debye model (single-time approximation). Then,
the average ac complex susceptibility for a powder reads

1 2
u-du
<X>=fXd —,
0

(D1)

1+ioT

where u=cos 6, 6 being the angle between the applied field
and the easy axis of a given crystal inside the powder
sample. The effective projection of the field seen by this
crystal is H=H, cos 6, and y,(H) is the corresponding differ-
ential susceptibility and 7 is the relaxation time that also
depends on H. H, is the applied field.

Experimentally, the maximum of the imaginary part of the
susceptibility is measured, and then we deduce from Eq.
(D1)

' wnldu
Y= — . D2
<){ > f() Xdl + wz 7'2 ( )
Let us now specifically discuss the case of the infinite chain.
The normalized differential susceptibility reads

300 T T

l&:l{)
250 | A
K=1.75

200 -
Vhor 150 F 1

100 | K=15 ]

@) C e2K

70

50
40 ¢
nor
30 F
20 ¢
10 ¢

0 . . . . . . .
0 5 10 15 20 25 30 35 40

(b) Ce*

FIG. 18. (Color online) (a) Calculated normalized relaxation
frequency for a powder sample in the infinite chain regime for
different values of K. (b) Zoom on the low field regime where a
single curve is obtained as a function of C,e?X [this curve is still
valid up to C,e? =40 for the largest value of K shown in (a)].
The continuous line gives the empirical fit with v,
=24/1+0.406(C,e*)>10-1.
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om e *K cosh(h) ~ K(1-c? (D3)
Xa= o0 = (sinh2(h) + )2 = (1 + bC2)P2’
with
2
b=e* -1 1 24

and C=tanh(h,u). Considering 1/7(C)=[1/7C=0)]v,,,(C),
x=7(C=0)w, and C,=tanh(h,), we obtain

, [arctan A(C)]*  v,,,(C)dC
"= f 2\372 2 - (D4)
o (1+bC)" (v,,7(C)+x%)
Then, the maximum of (x”) is obtained by solving
f Ca y,,(O)arctan h(C)T* [, 2(C) — x°] o
0 (1+bCH  [v,,2C) +x* '
(D5)

This gives the value of x at the maximum as a function of C,.
This x value can be identified with the normalized frequency
obtained experimentally from a powder sample at the maxi-
mum of the imaginary part of the susceptibility.

We have first deduced the solution of Eq. (D5) numeri-
cally using the relaxation time given by Eq. (9) with the
Glauber kinetic coefficients [Eq. (7)]. Figure 18(a) gives the
obtained normalized frequency for different values of K as a
function of C, exp(2K). A single curve is obtained for small
values of C,, i.e., when the normalized frequency of a single
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crystal is a function of the reduced variable C, exp(2K). This
curve is given in Fig. 18(b). The continuous line is an em-
pirical fit with v,,,=21+0.406(C,e*)>1°~1. At higher
field, the result depends on K as expected from the general
expression given by Eq. (9).

The existence of a universal behavior at small field and
low temperature is a consequence of Eq. (D5). In this limit,
we have b=~¢*f and v,,,(C) = 1+¢*h?. Then, Eq. (DS) can
be simplified into

[ s
(1 +z2)”2(z +x%)?

where z=¢?!h and z,=¢*!h,,.

From Eq. (D6), it is clear that the deduced value of x is a
function of the reduced variable z,. Experimentally, data are
only obtained in this low field regime where the comparison
with the theory is simpler.

Finally, it should be noted that an approximate expression
of the solution of Eq. (D6) can be obtained when e*5h, <1
as

5dz=0, (D6)

3
x=1+ =" n. (D7)
5 a

This means that our analysis predicts a quadratic dependence
of the normalized frequency of a powder sample for very
small values of the applied field. The resulting curvature
gives an estimation of N(T)=e?X using Eq. (D7). At higher
fields, Fig. 18(b) shows that a quasilinear behavior is then
predicted.
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