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Glauber dynamics in a single-chain magnet: From theory to real systems
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The Glauber dynamics is studied in a single-chain magnet. As predicted, a single relaxation mode of the
magnetization is found. Above 2.7 K, the thermally activated relaxation time is mainly governed by the effect
of magnetic correlations and the energy barrier experienced by each magnetic unit. This result is in perfect
agreement with independent thermodynamical measurements. Below 2.7 K, a crossover towards a relaxation
regime is observed that is interpreted as the manifestation of finite-size effects. The temperature dependences
of the relaxation time and of the magnetic susceptibility reveal the importance of the boundary conditions.
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The design of new slow-relaxing magnetic nanosystems isvhereJ is the ferromagnetic exchange constant between the
a very challenging goal for both applicatiofess information  spin units andD is the single-ion anisotropy. Second, the
storage and fundamental research. A well-known examplerelaxation time of each magnetic unit, introduced phenom-
of such systems is the single-molecule magi8¥M) that  enologically in Glauber’s study, i priori temperature
shows slow reversal of the magnetization due to the comdependerit and this argument should also be considered.
bined effect of a high-spin ground state and uniaxial anisotThis question is particularly important if each magnetic unit
ropy producing an energy barrier between spin-up and sping py itself a slowly relaxing object. Finally, a real material is
down states.When a magnetic field is initially applied to never perfect and, as the magnetic correlation length be-
magnetize this system and then removed, the magnetizatig®ymes exponentially large at low temperature, even a very
decays with a material-inherent relaxation time depending 0Qmall number of defects should deeply affect the magnetic
the temperature. The corresponding relaxation tim@lows  penavior of these one-dimensional systéms.
an Arrhenius law at high temperatures and the activation | this Brief Report, we analyze the magnetic relaxation
energy is equal to the barrier height, being roughyS?, of a 1D system,[Mn,(saltmen)Ni(pao),(py),](ClO,),
whereD is the negative uniaxial anisotropy constant &id (saltmeR™ =N,N’-(1,1,2,2-tetramethylethylehe bis(sali-
the spin ground state of the molecule. At lower temperaturescylideneiminatae; pao~ =pyridine-2-aldoximate; py pyri-

T may saturate when quantum tunneling through the barriefing), characterized recentl{Fig. 1).* At low temperature,
becomes relevarit. _ this compound can be described as a chain of ferromagnetic
Another research route of metastable magnetism has r&oupledS=3 [Mn"-Ni"-Mn""] units. By comparing the re-
cently been explored with the synthesis of single-chain magrxation time obtained from ac susceptibility with the one

nets (SCM's).*~° In these materials, the slow relaxation of jequced from dc measuremeitslaxation as a function of
magnetization is not solely the consequence of the uniaxiaéme), we show that a unique relaxation time is found over
anisotropy seen by each spin on the chain but depends algg, decades. We demonstrate a quantitative agreement be-
on magnetic correlations. The effect of the short-range ordegyeen the theory and the experiment when the valued of
becomes more and more important when the temperature i§,q D obtained from independent thermodynamical mea-

reduced until a critical point is reached B0 K for one-
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fill the gap between the theory and the experimental resultsy,

First, it should be mentioned that the experimental systems

are not strictly Ising-like. In the simplest case, they are rather s
described by an anisotropic Heisenberg model: repealing unit

)

FIG. 1. Schematic view of the chain structure showing

=_2] 3.8 .4+D 2 , 1 the magnetic units  (Mn-Ni-Mn trimers) in
T E. S-S Eu Siz @ [Mn,(saltmen}Ni(pao),(py),] (ClO,), (Ref. 4.
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surements are considered. Moreover we show that finite-size 1
effects should be considered to account for the crossover
observed on both the magnetic susceptibility and the relax- 08 L N
ation time. 22K

We first present a brief theoretical description of the ex- AN \
pected relaxation in a SCM. Critical slowing down of the N 25K
magnetization is expected in the vicinity of any magnetic §

E 26K
27K
critical point. However, the 1D case is singular as only short- 041k J5k
range order can be observed at finite temperatures. These P A
correlations affect the dynamic response of the system and a 02\ K \\
slowing down of the relaxation is expected. The 1D Ising N \\
model discussed by GlaulSegives a single time process 0
1 10

(i.e., a Debye relaxationwith an exponential enhancement 0. 1 100 1000 104
of the relaxation time that readfor a spin stateS and with t(s)

the notations of Eq(1)]: 7(T)=7,(T)exp(8S/ksT), where
7;(T) is the individual relaxation time of each magnetic unit.
In this relation, the exponential factor is directly related to
the temperature dependence of the correlation functions. At

low temperatures, the corresponding energy gap for the cof~=0.05) 14 Below 3.5 K, the relaxation becomes too slow to
relation length or the magnetic susceptibility i9¥.° For ~ be observed from ac susceptibility but dc measurements can
any negative value oD, the correlation length remains ex- still be performed. With this technique, we have been able to
ponentially enhanced at low temperatﬁpey]d we can still follow the relaxation down to 1.8 K, as summarized in Fig.
expect a Glauber relaxation. The value of the corresponding- The same shape of the normalized magnetizati¢t) is

gap is the energy needed to create a Bloch wall. It remaingbtained for all the investigated temperatures, i.e., the data
the same as in the Ising limit as long [&/=>4J/3. More- ~ can be scaled into a single master curve. As shown in the
over, each magnetic unit exhibits uniaxial anisotropy whichinset of Fig. 3, a satisfactory fit can be obtained using a
creates a barrier as in the SMM case. For magnetic units witftretched exponential, i.em(t)=aexd —(t/7)’]+b. The b

a spin ground stat& we therefore expect,(T) to vary as parameter accounts for a residual slower relaxation which
71(T) = 70exp(D|S/ks T) when quantum tunneling can be ig- only concerns a small part of the crystd (s always less

nored. Finally, we expect the relaxation time to vary as  than 5% at any temperatyreg is always close to 0.8 sug-
gesting that some polydispersity may be present. The de-

7(T) = roex (83+|D|)S?/kgT]. (2)  duced relaxation time is depicted in Fig. 3. Note that a con-
sistent value of- is obtained simply taking the time when the

The second point to consider is the influence of defects alongormalized magnetization has reached the valee Taken
the chain. Finite-size scaling of the Glauber model has beefpgether, ac and dc data show that a crossover is observed
discussed?:13 In the case of open chains of sikzea cross- around 2.7 K. Indeed, above this temperature the dependence
over on the relaxation time has been predicted when the
magnetic correlation length of the infinite cha§),becomes 109
of the order ofL: 7, (&)= 7..(&)f,(L/§) (where thef | is the
finite-size scaling function introduced in Ref.)1Zollowing 107
this model, the activation energy of the relaxation time
should decrease from (8 |D|)S? to (4J+|D|)S? at the
crossover. At approximately the same temperature, we expect
a saturation ofy T.° 2
The studied SCM is a heterometallic chain of 'Mand 101
Ni'" metal ions (Fig. 1. The magnetic unit is a

*F\ ik

FIG. 2. Relaxation of the normalized magnetization from dc
measurements.

105

103

T(s)

[Mn"-Ni"-Mn""] trimer with strong Ni-Mn"" antiferromag- 107

netic interactions Jar/kg=—21 K).* At low temperature 10-3

(kgT<<Jap), the trimers can be described as effect8e3

units connected within the chains by weaker ferromagnetic 10

interactiongsee Fig. 1 The 3D organization of these chains 02 03 I/TO(;‘{-I) 0= 05

in the solid implies that they can be considered as magneti-

cally isolated. The magnetic susceptibility of this compound gy 3. semilog plot of the relaxation timevs 1/T. The ful
becomes anisotropic with almost uniaxial symmetry belowang open dots were obtained from ac and dc measurements, respec-
50 K. Between 3.5 K, and 7 K, a frequency dependent agely, The corresponding straight lines give the energy gaps:
susceptibility has been systematically observed in both real, /k,~74 K andA, /kg~55 K. Inset: relaxation of the magneti-
and imaginary componentdt approximately corresponds to zation at 3 K. Solid line is the best fit obtained with the model

a single relaxation time since a satisfactory fit can be obdefined in the texttop). Schematic view of the magnetic interac-
tained using a generalized Debye model with a smalblue  tions for the model described in the tefiottom).
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1| ' gt (SQUID) magnetometer. Open dots were obtained from dc
measurements with a micro-SQUID experim&hihe ex-
08| " H,'=110kOe pected activated behavior is in fact observed above 6 K
(Fig. 5. The deduced gap,J&*/kg=28 K gives an estima-
= 06 f _ 1 tion of the exchange energy/kg=0.78 K.1"8 This gives
= 04 08 e (8J+|D|)S?’kg="78 K being in perfect agreement with the
- 06 ] activation energy of the relaxation tim&;, measured above
o2l g; _gg 1 2.7 K[Eq. (2)]. .
K Concerning the low-temperature behavigil reaches a
0 L 9, 50, o 1% maximum around 5 K, while no anomaly was found on the
0 50 100 150 relaxation time. This observation precludes the occurrence of

H (kOe) a magnetic phase transition. On the other hand, this result
FIG. 4. Field dependence of the magnetizatioormalized at ~ can be explained considering finite-size effgcts, the pres-
the saturation valyevhen the magnetic field is applied perpendicu- ence of structural defects on the chains which limit the
lar to the easy axis at 1.5 K. The intersection between the twgyrowth of the correlation lengghin fact the magnetic sus-
dotted lines gives the anisotropy field. Inset: Similar measurementgeptibility of a finite Ising chain can be calculated and leads
thgn the mair_w figure a_t three angles in the plan normal to the easyy 5 saturation ofT at low temperature. To account for the
axis. The main figure is a#=0°. weak decrease of T observed below 5 K, weak antiferro-
magnetic interaction])’, can be introduced between finite
of t_he relaxation time follows an activated law with an acti- :hains ofn spins(as shown in inset of Fig.)3° The corre-
vation energy ofA;/kg=74 K. Below 2.7 K, a departure  gnonding susceptibility can be also determieahd gives
from this simple behavior is observed and a smaller activagy, axcellent agreement to the experimental data below 15 K,

tion e_nergy;AZ/kaSS Kis fou_nd around 2 Ksee Fig. 3\ ere the trimers can be consideredSas3 units (Fig. 5).
Using independent magnetic measurements, we have d%he deduced parameters are the interactidiks~

termined the anisotropy paramefeiby measuring the mag- —47 mK and the average number of spins between two de-
netization of a single crystal as a function of a magnetic ﬁeldfects n~110 corresponding to an average distante
applied perpendicular fo the easy affsg. 4. We obtain & ~140 nm. A more precise discussion can be made using the
crossover between a linear dependence of the magneuzatl(ﬁgld dependence of the magnetization shown at 4 K in the
at low fields and a saturation at higher fields. Moreover, thﬁnset of Fig. 5. The same modedolid line, inset of Fig. 5
data are almost the same for any direction perpendicular t8ives a reaéohable fit with=90, in good agreement .with

the easy axiginset of Fig. 4. This behavior is characteristic the value deduced from the temperature dependence of the

of the uniaxial anisotropy. An anisotropy field of 110 kOe is P : ; T
. : _ 15 susceptibility. As discussed previously, the finite-size effect
deduced from these data which gM@&g=~2.5 K> The should also influence the relaxation time and the model of

temperature dependence of the magnetic susceptibility iBef. 13 leads to a crossover at a temperature whera The

glk;/tzri]ng] delr%rr? &Tnzljai{jr r:anmiﬁssmauolgvslf?é Fuuel(lmdotsb;\ig\r; product is maximum. In fact, Fig. 3 shows a crossover on the
gqueney, relaxation time, but at a smaller temperatur€2.7 K, com-

the characteristic frequency of the relaxajiovith a Quan- ared 0 5 K for the maximum ofyT. According to the

tum Design superconducting quantum interference devic nalysis of the susceptibility measurements, we have gener-

alized the model developed by Luscoméieal. taking into

account the weall’ interactions-® The crossover on the re-

laxation time now occurs &z T*=(4J—4J")S?/In(2n), i.e.,

is shifted at lower temperature for an ferromagnetic interac-

tion, while the activation energy beloW* becomesA,/kg

=(4J+4J'+|D|)S?. To obtainT*=2.7 K, J'/kg has to be

| equal to +0.37 K. This value is not in agreement with

S 04, | J'/kg=—0.047 K obtained from the susceptibility. Never-

o2 I theless, the activation energy,/kg~55 K found around

N 2 K is close to (4+|D|)S* and supports a small' value.

0 02 04}%‘%2) 112 14 In summary, the activation energy of a SCM is a com-

: L L L ' L ' bined effect of the individual kinetics of a trimer composing

0 005 01 015 02 025 03 035 the chain and of the magnetic correlations. The energy pa-

1T (K1) rameters) and D deduced from the relaxation time are in
FIG. 5. Semilog plot of T vs 17T ( is given in emu/mal The ~ €Xcellent agreement with the values independently obtained

full and open dots were obtained from ac and dc measurement§,0mM magnetic measurements. A crossover is observed at low

respectively. Inset: Field dependence of the magnetizdtiormal- ~ temperature when the magnetic correlation length becomes

ized at the saturation valuet 4 K and with a field sweep rate of Of the order of the distance between two defects. A model of

0.14 kOels. Solid lines correspond to the fit using the expressionthese defects in terms of finite-size chains coupled with

given in Ref. 20. weaker exchange interactions gives a coherentdescription of

Ln(xT)
M,
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