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Spin correlation and relaxational dynamics in molecular-based single-chain magnets
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We report the combined measurements of the dc susceptibility y,, the ac susceptibility x’, and the
NMR  relaxation rate TTI for  the single-chain ~ magnet
[Mn(saltmen)],[Ni(pao),(py),](PF¢),. At low temperatures, this system is well described by a one-dimensional
array of effective spin S=3 chains comprising the Mn™-Ni""-Mn'" trimers and treated as the S=3 Ising chain
with the single-ion term (Blume-Capel model). Using the exact solution of the model and based on the picture
that the random motion of the local domain walls dominates the low-temperature spin dynamics, we succeeded
in reproducing the experimental results of the dc susceptibility y,, the ac susceptibility y’, and the
"E-NMR relaxation rate 77" in a consistent manner.
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I. INTRODUCTION

Nonequilibrium dynamics in critical phenomena has been
studied for a long time as a fundamental problem of statisti-
cal physics. Central to the issue is to understand long-time
and large-scale fluctuations near the phase transition point.'
One-dimensional (1D) classical spin systems provide ca-
nonical examples to study this problem, since the 1D classi-
cal systems become critical toward zero temperature. Then,
the characteristic time scale to flip the correlated domains is
governed by the correlation length & Glauber highlighted
this problem based on the kinetic Ising model coupled to a
heat bath where the stochastic dynamics is triggered by
single spin flips.> Elementary excitations of the Ising ferro-
magnet are described by spin cluster excitations (SCE’s) sur-
rownded by local domain walls, which have detectable
through electron spin resonance spectra.® The domain wall
(DW) motion costs no energy, and consequently the relax-
ation process is determined by the random motion of the
DW?’s. This process gives rise to nonconserved dynamics and
leads to the relaxation time 7o &, with the dynamical expo-
nent z=2.!

To elucidate the slow dynamics of the low-dimensional
spin systems in real materials with or without the Ising an-
isotropy has been a target of intensive research since the
1970s.%3 In particular, the diffusive dynamics of the one-
dimensional Heisenberg system TMMC has been scrutinized
as a canonical example of the 1D spin system. In the 1D
Heisenberg system, conservation of the order parameter
leads the diffusive spin dynamics.'**> NMR measurements
on the spin dynamics have also been done for this system.®
Similar work exists for the ferromagnet CsNiF;.” Even com-
piling these works, it is still a highly nontrivial issue whether
the underlying microscopic degrees of freedom lead to dif-
fusive or relaxational spin dynamics at a given temperature
range.

Recent progress in the strategic design of molecular-
based single-chain magnets®'> (SCM’s) and single-
molecular magnets'> (SMM’s) has opened a new window
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on this problem. Among the SCM’s are
[Mn(saltmen)],[Ni(pao),(L),](A), (L, intrachain attaching
ligand of Ni'! ion; A~!, interchain counteranion),®!%!! and
Co(hfac),NITPhOMe.’ In these materials, spin carriers ex-
hibit a strong uniaxial (Ising) anisotropy to be able to block
or freeze their magnetization in one direction. In the case of
the SCM’s, constituent spin chains are well isolated magneti-
cally and finite-temperature phase transitions are not ob-
served down to quite low temperatures. An essential differ-
ence between the SCM’s and SMM’s is characterized by the
presence or absence of a correlation, respectively. The slow
dynamics in SMM’s is governed by the metastable intramo-
lecular spin flipping, which leads to incoherent superpara-
magnetic slow relaxation. On the other hand, in the SCM’s,
elementary excitations and low-temperature dynamics are
deeply influenced by many-body spin correlation. Actually,
the SCM’s exhibit a slow relaxation of zero-field ac magne-
tization with a single relaxation process.””'!* The impor-
tance of the ferromagnetic correlation was also made clear
by ac-susceptibility measurements under pressure.' In this
material, at least 100 units of the Mn-Ni-Mn trimers form
uniform chians'' and no three-dimensional phase transition is
observed down to quite low temperatures, at least 7T
>40 mK.'° Consistently, specific heat measurements show
no signal of a phase transition.!> So this sytem serves as a
nice example to investigate the slow dynamics in the para-
magnetic phase and the situation is completely different from
the slow dynamics originating from superparamagnetism or
spin-glass phase transitions.

In this paper, to elucidate the low-energy excitations and
the spin dynamics of the SCM, we report a NMR measure-
ment of the spin dynamics of the heterometallic SCM
[Mn(saltmen)],[Ni(pao),(py),1(PFs),. By combining the
measurements of the dc susceptibility y, the ac susceptibil-
ity x’, and the NMR relaxation rate TTI, we obtain strong
evidence that shows that correlated domains and DW motion
govern the low-temperature spin dynamics of the SCM.
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FIG. 1. The chain structure of the compound comprising the
[Mn"™-Ni""-Mn"] trimers.

II. EXPERIMENT

A. Crystal structure

We use polycrystalline samples of [Mn(saltmen)],
[Ni(pao),(py),](PF¢),, prepared as described in Ref. 10. The
total weight of the samples was 224 mg. This compound
comprises of isolated heterometallic chains of Mn'! and Ni!!
metal ions.'® As shown in Fig. 1, the chain consists of a
repeated unit of the [Mn""-Ni"-Mn""] trimer, where the Mn'"
and Ni'! carry spin S=2 and S=1, respectively. The counter-
anions PF; are located between the chains. The intratrimer
antiferromagnetic superexchange interaction between the
Mn'" and Ni" jons is estimated to be about Jyg ni/kp
~—21.5 K, while the intertrimer ferromagnetic exchange in-
teraction between the neighboring Mn'"" ions is estimated to
be about J/kz~0.8 K.!0 At low temperatures 7'<2Jy, i
(~40 K),'® the local intratrimer excitations are inactive and
the system is regarded as an effective S=3 ferromaginetic
chain with a strong Ising anisotropy.'® The elongation of
O-Mn-O bonds along the chain causes Jahn-Teller distortion
of Mn'"19 which gives rise to a large negative single-ion
anisotropy D~-2.5 K parallel to the chain.!! At low tem-
peratures, this compound can be described as a chain of fer-
romagnetic coupled S=3 [Mn"™-Ni''-Mn""] units.!%!!

B. dc and ac susceptibilities

The ac-susceptibility measurements with an ac-field am-
plitude of 3 Oe at frequency 100 Hz and the dc-susceptibility
measurement were performed in the temperature region from
1.8 to 50 K and applied field H=1.5,2.0,3.0,4.0 T, using a
superconducting quantum interference device (SQUID) mag-
netometer (Quantum Design MPMS-5S) with an ac option.
The results are presented together with the results of a theo-
retical analysis in Figs. 7(a) and 7(b), below.

C. NMR spectra and relaxation rate

The measurements of NMR were performed using the
conventional phase-coherent pulsed-NMR spectrometer
(PROT3001MR) produced by THAMWAY Inc. Field-swept
spectra were obtained by recording the amplitude of the spin-
echo signal. The spin-lattice relaxation rate Tl_1 was mea-
sured by the recovery of the magnetization with the integra-
tion intensity of the spin-echo signals.

First, we have measured '’F-NMR spectra by observing a
spin-echo signal as a function of an external field at a fre-
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FIG. 2. Profile of field-swept F NMR spectra for 120 MHz at
different temperatures. The solid line indicates the free PF reso-
nance field for 120 MHz.

quency of 63 MHz, 81 MHz, 120 MHz, and 157 MHz. Fig-
ure 2 shows field-swept spectra of ’F-NMR at 120 MHz for
selected temperatures. Similar behavior is also observed in
the case at 63 MHz, 81 MHz, and 157 MHz. Above 20 K,
only a sharp single line is observed around the free '°F reso-
nance field and the intensity increases with decreasing tem-
perature. Below 20 K, the line becomes broad and the posi-
tion of the peak shifts up to higher field around 8 K.
Second, we measured the spin-lattice relaxation rate 77"
at the field of the peak of the spectra. Figure 3 shows the
recoveries of the intensity of a spin-echo signal of '°F at T
=5.0 K for 120 MHz. The recovery curve M(¢) is not single-
exponential type but two-exponential-expression type with
two spin-lattice relaxation rates 1/T,g and 1/T,; (T;g
<T,.) as shown in Fig. 3. The solid line represents a two-
exponential expression with 7,5=0.88 sec and 7;=1.8 sec
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FIG. 3. A recovery of the intensity of a spin echo signal of g
for 120 MHz at 7=5.0 K. The solid line shows a two-exponential
expression with 75=0.88 sec and 7' =1.8 sec.
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as follows: M(t)=My(1—e "T18)+M,(1—-e"T1L) where M
and M, are saturation recoveries with Tg and T;, respec-
tively. There are two F sites with different values spin-lattice
relaxation times (7' and T;). However, the temperature and
field dependence for 7; is qualitatively the same as that for
T,s. The results are presented together with the results of
theoretical anaysis in Figs. 7 and 8, below.

III. THEORETICAL ANALYSIS
A. Low-lying excitation spectrum

Now, we attempt to theoretically analyze the low-energy
dynamics response of the system. At present, however, it has
not been definitely settled down whether the elementary ex-
citations of the real [Mn(saltmen)],[Ni(pao),(py),](PFs), are
truely dominated by Ising-like SCE or Heisenberg-like spin-
wave excitations.!”!8 To clarify this point, we first evaluate
the low-lying excitation energies of a detailed quantum
Hamiltonian,

L
H=Jyni [S3j-2 - 83j-1 +83j_1 - S3/]
=1
L L
+ Ivin-Mn [S3;-S3j01]+ Dy [(5231'—2)2 + (ng)z]
=

j=1
L

+ D 2 [(55,0)°], (1)
j=1

where S; (s)) is the spin-2 (spin-1) operator at the Mn (Ni)
site. The ground state of this model has S;,=+3L. Since the
system size dependence of the low-lying excitation energies
is quite small, we can easily obtain the dispersion curves in
the infinite-length limit, using numerical diagonalization of
finite-size clusters up to L=4, with the periodic boundary
condition. The lowest dispersion curves with &S;,=1 (one
magnon), 2 (two magnons), 3 (three magnons), 4 (four mag-
nons), and 6 (cluster excitation) calculated for the most suit-
able parameter sets [Jp/Jop=—0.07, Dy,/Jor=-0.27, and
Dyi/ Jap=0 (the effect of Dy; is almost negligible)] are
shown in Fig. 4. The cluster excitation corresponds to a flip
of the =3 object which consists of the Mn-Ni-Mn unit.
Figure 4 indicates that the excitations of more than two
magnons has almost flat dispersions corresponding to the
Ising-like SCE. We also show the S;, dependence of the
lowest excitation energy for L=3 and 4, as solid and dashed
curves, respectively in Fig. 5. The right (left) edge corre-
sponds to the ground state with S;,=+3L. Each step indi-
cates the excitation energy for each value of S, varying one
by one along the curve. The cluster excitations correspond to
6S;,=6n (n=integer). Figure 5 indicates that a peak structure
always appears between the two successive cluster excita-
tions and the intermediate peak (except for a peak at the both
edges) has completely the same form between L=3 and 4. It
implies that this peak would be just repeated if the system
size increases even up to much more. This repeated peak
structure would correspond to the low-lying excitations of
the S=3 Ising model with the effective anisotropies. Thus the
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FIG. 4. Low-lying dispersion curves for one magnon, two mag-
nons, three magnons, four magnons, and six magnons (cluster ex-
citation), calculated by numerical exact diagonalization of finite-
size clusters for the detailed Hamiltonian.

present system is expected to be effectively described by the
S§=3 Ising model at least at sufficiently low temperatures.

B. Analysis based on the one-dimensional Blume-Capel
model

1. Transfer matrix analysis

Based on the above this observation, we are now ready to
analyze the low-energy dynamic response of the infinite
system.!® We use the one-dimensional S=3 Ising model as a
“working assumption,” to simulate the low-energy dynamics
of the single-chain magnet. In this sense, for temperatures
above 2Jy,.ni~40 K, the intratrimer excitations are acti-
vated and the present assumption clearly breaks down. So we
limit our treatment to the temperature window 7<<40 K and
how the low-temperature spin dynamics comes up to the
physical quantities. By retaining the relevant terms indicated
by the above-mentioned numerical analysis, we start with the
one-dimensional S=3 Ising model with the single-ion aniso-
tropy (Blume-Capel model):?*-?!

L L L
H=-272 88, +D>, (52 -HY, S, ()
i=1 i=1 i=1

where §7=0,+1,+2, +3 represents the effective spin projec-
tion of the ith trimer, L denotes the number of the trimers,

3

()~:
5> =-3L

tot

FIG. 5. Lowest excitation energies plotted versus S;, for L=3

and 4, shown as dashed and solid curves, respectively.
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FIG. 6. Excitation spectrum of the effective model (2) as a func-
tion of the total spin Si = 2-215;7 for the cases of (a) L=3 and (b)
L=4 with the periodic boundary condition. We set D/J=-3.125
(the same as those used to analyze the experimental data). The
lower bounds of the spectrum are shown by the solid lines.

and H=gugH represents an applied magnetic field.

In Fig. 6, we show the excitation spectrum of the effective
model (2) as a function of total spin Smt—Eizle for the cases
of L=3 and L=4 with the periodic boundary condition. We
set D/J=-3.125, the same as those used to analyze the ex-
perimental data in the following section. The lower bounds
of the spectrum are shown by the solid lines. It is clear that
the spectra are qualitatively consistent with the result shown
in Fig. 5 for the quantum Hamiltonian (1). This correspon-
dence strongly supports that the present system is effectively
described by the classical Hamiltonian (2).

The transfer matrix for the model (2) is given by
T(S;,85,,)=exp[-H(S;, S5, )/ kpT], where

i+1

H(S5, 8%, ) = — 208585, + D(S72 + 85, 2)/2 — H(S: + 55,))12.

Diagonalizing the 7X7 matrix T leads to T
=37 lug\ (1| with an eigenvector |u,) belonging to the
elgenvalue N, The exact partition function is given by
Z=Tr(TN)=21=1xN.

Next we consider the spin-spin correlation function

~—<S”S‘> (SZ)(SZ> Introducing the  spin  matrix
S= d1ag(3 2,1,0, —1 -2,-3)= Eaﬁ_ luXu,
the limit of N— we obtain (S5)=(u,|S|u,) and

in

(8;85) = [Cut )] + (G| S[ua) PONS/N )

where A\ and N\, are the largest and second-largest eigenval-
ues of the transfer matrix, respectively, and |u1) and |u2> are
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the eigenvectors belonging to \; and A,, respectively. We
thus have the dc susceptibility

Xo = tpuy|S|uy)/H, (3)

with H being the applied magnetic field strength and the
spin-spin correlation function C;;=B(T,H)(\,/\,)™, where

= G| S[un)]. (4)

We stress that the prefactor B(T,H) has a strong T and H
dependence. Since an explicit form of B(T,H) as a function
of T and H is not available here, we perform numerical
evaluation after diagonalizing the transfer matrix. The corre-
lation length is thus given by &T,H)={log(\,/\,)}~". The
fluctuation-dissipation theorem gives the susceptibility

B(T,H)

X’ :CO/kBTzB(T’H)g(T9H)/kBT» (5)

where C represents the =0 component of C;;.

2. NMR ratio
The NMR relaxation rate is given by??

Im x..(q,
g, Tlim 3 |4, etV X:Ag:00)
wy—0 q Wy

1
=0 ﬁ)z (6)

where the dynamic susceptibility in the w-g domain has the
usual van Hove form x..(¢,wy)=x.(q)/[ioyT,+1]7 Be-
cause of the Ising nature of the electron spins and the loca-
tion of the 'F nuclei, only the dipolar hyperfine coupling
may become predominant. When we make an integration
over ¢ in Eq. (6), we retain only the uniform (¢=0) compo-
nent of 7,. As for retaining only the g=0 component of the
relaxation time, we are considering the relaxational dynam-
ics and the relaxation ratio has always a constant term.' We
note that in the case of the diffusive dynamics the ¢ depen-
dence is essential, but in the relaxational dynamics, a con-
stant term plays a major role. We thus have Tl_1
~Tx' AT, H)[&T,H)]™¥ with the spatial dimension d=1.
The relaxational dynamics due to the random DW motion
gives 7(T,H) ~[&T,H)J, with z=2, and we have

17" ~ B(T,H)[&(T,H) 1, 7)

with z=2. Essentially the same expression has been obtained
in the context of the spin fluctuations of highly correlated
organic conductors.”*

IV. DISCUSSION
A. Dynamic response

Now, we discuss the experimental results based on the
theoretical analysis presented in the preceding section. In
Figs. 7(a), 7(b), and 7(c) we show the experimental data for
the dc susceptibility y,, ac susceptibility x’, and the NMR
relaxation rate Tl", respectively, for the applied dc magnetic
field strength H=1.5,2.0,3.0,4.0 T. Theoretical fitting is
done by using a single set of the dimensionless parameter

D/J=-3.125 with H/J=1.875,2.50,3.75,5.00. Taking
J/kp=0.8 K, this parameter choice is consistent with experi-
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FIG. 7. The experimental data for the dc susceptibility y,, ac
susceptibility x’, and the NMR relaxation rate TTSI, respectively, for
the applied dc magnetic field strength H=1.5,2.0,3.0,4.0 T. Fitting
curves are given by Egs. (3), (8), and (7), respectively.

mentally reported values (J/kg=0.8 K and D/kz=-2.5 K).!!
We see that, at least for the low-temperature region, the the-
oretical curves are in good agreement with the experimental
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ones. We here comment on the field strengths used in the
experiments (for the polycrystalline samples) and theoretical
analysis. In the experiments, these are the applied field
strengths, whereas in Eq. (2) the longitudinal field (field in
the anisotropy axis of the respective crystal) enters.

As we see in Fig. 7(a), the dc susceptibilities tend to satu-
rate below 7~ 10 K. Since our samples are polycrystalline,
the saturated magnetizations for different magnetic field
strengths do not coincide with each other. Since there is no
symptom of the phase transition over the temperature region
observed here, this saturation indicates that the system ap-
proaches the zero-temperature criticality peculiar to the clas-
sical 1D system. We stress that if the intertrimer correlation
does not exist, this type of saturation is never expected to
occur.

In Fig. 7(b), we show the real part of the ac susceptibility
x' measured by the SQUID magnetometer. As the applied
magnetic field strengths increase, the overall strengths of x'T
decrease and the peak temperature moves toward the higher-
temperature sides. The theoretical fitting is done by the com-
puted x'T=B(T,H)&T,H) with an additional constant term

X =a+B(T,H)&T,H)/kgT, (8)

where a is independent of 7" and H. This constant shift is also
observed in the zero-field ac measurement and at present its
origin is not clear. The temperature and field dependence of
X' comes mainly through the correlation length &(T,H). It is
to be noted that the prefactor B also has a strong T and H
dependence. The broad maximum of y’7 mainly comes from
the temperature dependence of the correlation length &7, H).
The correlation length has a broad peak around the tempera-

ture, f~1—7S§(T,H)/ kg. At temperatures lower than 7", the
correlated domains are easily polarized by the external mag-
netic field and then &(T, H) plays a role as a “healing length.”

In Fig. 7(c), we show the spin-lattice relaxation rate 1/7g
at the "F nuclei. Since the temperature and field depen-
dences of the two relaxation times 77 and T are the same,
we consider only the shorter one T'|5. Again, the theoretical
fitting is done by the computed T;'~ B(T,H)[&(T,H)]¢*!
with z=2 and d=1. We note that, as compared with x'7, the
T;" acquires an additional contribution from the correlation
length &(T,H). Because of this, the peak temperatures of 77
shift toward the low-temperature sides as compared with
those of x'7. Again we stress that this shift is never expected
to occur if the intertrimer correlation does not exist, such as
in the case of the SMM.? This result strongly supports the
following evidence: (1) the low-temperature magnetic re-
sponses are well understood by the temperature and field
dependence of the correlation length & and (2) the low-
temperature dynamics is well described by the random mo-
tion of the DW'’s. The second point is consistent with an idea
that this system belongs to the Glauber-type (nonconserved
relaxational) universality class.

Here we comment on reliability of treating polycrystalline
sample by a simple Hamiltonian (2). In particular, a natural
query arises about the transverse spin flipping processes. Re-
garding this point, in our experiment, the applied magnetic
field is rather weak (up to 4 T). However, the single-ion
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Ising-type anisotropy amounts to 30 K (this fact was con-
firmed by the ESR measurements).'® So the magnetic field
strengths are not sufficient to cause transverse spin fluctua-
tions. As long as the transverse spin flipping processes are
inactive, only the longitudinal degrees of freedom are active
and the resulting Hamiltonian contains only the longitudinal
(8%) components and temperature dependence of the response
functions are insensitive to the relative direction of the
sample with respect to the external field. This situation jus-
tifies using a simple Hamiltonian (2).

B. Diffusive dynamics and relaxational dynamics

Finally, we pay attention to the field dependence of Tl‘l.
When the spin-wave-driven diffusive dynamics dominates
the DW-driven relaxational dynamics, the correlated preces-
sion of the spins around the applied magnetic field give rise
to the transverse spin-spin correlation function

Culg.1) = exp(= T exp(-iw,1), )

with 1",17=I'q2 for small g, where I' denotes the spin diffusion
constant and w,=gugH/# denotes the electron Lamor fre-
quency. In 1D, this leads to the characteristic field depen-
dence of T, as?

77" = 1VH. (10)

On the other hand, in the case of the relaxational dynamics
without precession, I',=const and w, does not enter the spin-
spin correlation function, and consequently Tl_1 is almost in-
dependent of H. As we seen in Fig. 8, we cl_early see that in
the higher-temperature regime, a linear 1/VH dependence of
Tl_é is observed, indicating a crossover behavior from the
relaxational to diffusive dynamics. As the temperature in-
creases, the thermal fluctuations dominate the single-ion an-
isotropy energy and the system tends to be described by the
anisotropic Heisenberg magnet,!” where the spin-wave exci-
tations become predominant.

V. CONCLUDING REMARKS

In conclusion, we made the report of the combined mea-
surements of the dc susceptibility y,, the ac susceptibility x’,
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FIG. 8. The same data of TT; as Fig. 4 are plotted against 1/ \FI_
The curves are shifted parallel to the vertical axis to make the 1/vVH
dependence easy to see.

and the NMR relaxation rate T, for the single-chain magnet.
By evaluating the low-lying excitation energies of a detailed
finite-size Hamiltonian, we found that the present system is
effectively described by the S=3 Ising model at least at suf-
ficiently low temperatures. Based on this observation, we
used the infinite-size one-dimensional S=3 Ising model as a
“working assumption” to simulate the low-energy dynamics
of the single-chain magnet. The corresponding 1D §=3 Ising
model with the single-ion term (Blume-Capel model) was
exactly solved by the transfer-matrix method. Assuming that
the low-temperature dynamics is governed by the random
motion of the local domain walls, we qualitatively repro-
duced the experimental results by using a single parameter
set. We may, therefore, reasonably conclude that this system
is, at least qualitatively, a good laboratory realization of the
correlated one-dimensional classical spin systems.
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