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Magnetic critical behavior in the †Cu„1-hydroxybenzotriazolate…2„MeOH…‡n molecule-based
random-field magnet
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1H nuclear-magnetic-resonance and magnetization measurements have been performed in the molecule-
based solid@Cu(btaO)2(MeOH)#n ~btaOH stands for 1-hydroxybenzotriazolate! as a function of temperature.
The compound exhibits a critical transition atTc55.7 K from a high-temperature paramagnetic phase to a
low-temperature magnetic phase characterized by relatively strong ferromagnetic interactions. The experimen-
tal results are best analyzed considering that the ground state of the system is a random-field ferromagnetic
state in the absence of an external magnetic field. The dynamics of the electronic-spin fluctuations in the
low-temperature magnetic phase are estimated using a two-level system model.
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I. INTRODUCTION

Magnetism in molecule-based materials is a subject
continuing interest from both the fundamental and the te
nological point of view.1 Of particular interest is the desig
of molecule-based ferromagnets that exhibit a spontane
magnetization below a critical temperatureTc . The original
synthetic route was based,2 first, on the assembly of molecu
lar bricks that form a low-dimensional system with a ma
netic ground state and, second, on coupling the chain
layers in a ferromagnetic fashion. However, it is often dif
cult to realize the symmetry conditions that favor the para
alignment of local spins in all dimensions. Thu
polymetallic-antiferromagnetically coupled or networ
structured ferromagnetic, ferrimagnetic molecular str
tures were subsequently emerged.3–6 In this context the
reported ferromagneticlike behavior in a new
synthesized7 @Cu(btaO)2(MeOH)#n ~btaOH stands for
1-hydroxybenzotriazole! homometallic polymeric complex
deserves further examination. This complex crystallizes i
three-dimensional~3D! polymer motif with a structure built
up with helices and exhibits bulk ferromagnetic propert
below about 4 K.7 It crystallizes in the tetragonal spac
group P43212 with lattice parameters~at 250C) a
59.915(1) Å, c514.715(2) Å. The Cu21 ions display a
square pyramidal coordination with four btaO2 ligands on
the basal plane and the oxygen of the disordered meth
molecule at the apical position@Fig. 1~a!#. Each btaO2

ligand bridges two sequential metal ions through its oxyg
O~1! and nitrogen N~3! atoms. Each Cu21 ion is surrounded
by four other coppers in a, slightly distorted, tetrahedral
rangement and is linked to them through the btaO2 ligand.
Through these bridging paths a 3D diamondlike lattice
formed @Fig. 1~b!#.

Previous dc-magnetic-susceptibility measurements o
polycrystalline sample of@Cu(btaO)2(MeOH)#n at H0
51000 Oe have shown that the susceptibility follows t
Curie-Weiss law with a Curie constantC50.42 emu K/mol
0163-1829/2003/68~18!/184415~9!/$20.00 68 1844
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and a positive paramagnetic Curie temperatureup58.35 K,
signifying the presence of ferromagnetic spin coupli
among Cu ions.7 In addition, ac-magnetic-susceptibility an
dc-magnetization measurements7 have revealed two inflec
tion points which were tentatively attributed to two critic
temperatures at 6.4 and 4.4 K. Although the exact phys
origin of these transitions is ambiguous, it was suggest7

that the two inflection points may reflect the observed anis
ropy in the crystallographic axes. In view of the intriguin
behavior of the magnetic data and of the fact that ferrom
netic insulators are relatively rare, it becomes evident t
more sophisticated measurements are required to deter
the magnetic state of@Cu(btaO)2(MeOH)#n . The aim of the
present study is to probe the static and dynamic magn
properties of this molecule-based solid by means of b
magnetization measurements alongside1H pulsed nuclear-
magnetic-resonance~NMR! experiments.

II. EXPERIMENTAL DETAILS

The synthesis and crystal structure of t
@Cu(btaO)2(MeOH)#n complex is described elsewhere.7 1H
pulsed NMR experiments were performed at 4.7 T usin
Bruker MSL200 spectrometer operating at 200.145 MHz.
Oxford 1200CF continuous flow cryostat was employed
measurements in the range 3–300 K. At high temperatu
the 1H NMR spectra were obtained by the Fourier transfo
of the nuclear free-induction decay at the Larmor frequen
since a single pulse of;1.5–4 msec was sufficiently strong
to irradiate the whole NMR line. For low-temperature me
surements, the spectra were obtained by the spin-echo p
by point method while varying the frequency, because of
large width of the resonance line.T1 spin-lattice andT2 spin-
spin relaxation times were measured using the standard s
echo pulse sequence combined with the saturation reco
method for T1 measurements. Dc-magnetic measureme
were performed in a Quantum Design MPMSR2 superc
ducting quantum interference device magnetometer.
©2003 The American Physical Society15-1
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III. RESULTS AND DISCUSSION

A. Magnetic measurements

1. Critical exponents from dc-susceptibility measurements

dc-susceptibility (x) measurements are shown in Fig.
for three external fieldsH55,50, and 1000 Oe between
and 10 K. No appreciable differences were observed betw
the field cooled and zero-field cooled curves down to 3
The strong divergence ofx indicates that there are fluctua
tions of large correlated domains of spins at about 6 K which
can be assigned7 to a magnetic critical temperatureTc . In the
critical region of a ferromagnet there are8 scaling equations

FIG. 1. ~a! The square pyramidal coordination of Cu21 is
shown. The dotted lines indicate the tetrahedral arrangement o
ions.~b! The tetragonal supercell corresponding to the cubic cel
diamond. The original cell is also shown. The dimensions of
supercell area8514.022 Å andc8514.715 Å. Thea8 axis is
along the main diagonal of the base of the original cell.
18441
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for the magnetizationM (t,h): M (t,h50);(2t)b and
M (0,h);h1/d, which are characterized by a set of critic
exponentsb andd when the dimensionless variablest5(T
2Tc)/T, h5(gmBHe f f)/kBT, are introduced around th
critical point Tc for an effective fieldHe f f between the cells
in the correlated regionT'Tc . The isothermal susceptibility
can be calculated fromM (t,h) by means ofx5]M /]H, and
gives a8 x;(t)2g, in small fields at temperatures just abo
Tc . Thus, log-log plots of thex of a ferromagnet againstT
2Tc should be linear with slope2g, showing thatx di-
verges as (T2Tc)

2g in the critical region:

x;~T2Tc!
2g. ~1!

In principle, ag can be defined asymptotically close
Tc , ast→0. In this regime the static scaling hypothesis w
put on firm theoretical ground and the renormalization-gro
analysis of the three-dimensional Heisenberg model9 pro-
vides with high precision the critical exponentsb
50.3647(12),g51.3866(12), which surpasses the expe
mentally available8 precision of magnetic systems (b
'0.37, g'1.33, d'4). The disagreement of critical expo
nents between theory and experiment is due, mainly, to
existence of long-range interactions in real system
Kadanoff et al.10 have estimated that the influence of the
interactions on critical fluctuations in magnetization can
neglected if the extent of the critical regionutu is

utu@S gmBSe f fM ~0!

kBTc
D 1/g

5tc . ~2!

The estimatedtc for metallic ferromagnets~Fe, Ni, . . . )
is of the order of 1023, indicating that the extent of the
critical region must be at least of the order of 1022. How-
ever, there is no unambiguous way to determine the bou
aries of the critical region from standard magnetic measu
ments and thus there is always a large uncertainty in
values of the critical exponents that are determined fr
such measurements. This problem can be faced by analy
the experimental data in the nonasymptotic regime, far aw
from the critical region, where approach to criticality is d
scribed by nonuniversal effective critical exponents that
valid in a certain temperature interval.11 To examine the tem-

u
f
e

FIG. 2. dc-susceptibility measurements as a function of te
perature for three applied fields.
5-2
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perature dependence ofx in the entire temperature rang
Kouvel and Fisher11 have introduced an effective expone
ge f f(t):

ge f f~ t !5
dln x~ t !

dln t
. ~3!

In the asymptotic limit (t→0) the effective and
asymptotic exponents coincide. Thus, a plot
(1/x)/@d(1/x)/dT# againstT can give11 a fit of the tempera-
ture dependence of the low fieldx if we use Eqs.~1! and~3!
just above theTc . Equation~1! is expected to give a straigh
line with slope (1/ge f f) that intersects theT axis atTc . It is
worth noting that this method avoids errors due
uncertainties11,8 in Tc . In accordance, Fig. 3 shows that E
~1! fits well the susceptibility data~the curve forH51 kOe
is not shown for clarity! with a field-independentTc55.7
60.02 K whereas thege f f is field and temperature rang
dependent, as expected for the nonasymptotic regime.

The obtainedge f f values are between 1.1 and 1.2
whereas the Ginzberg-Landau theory predicts8 a value ofg
51 ~Curie-Weiss law! far away from the critical region
These values are comparable withge f f values that were
obtained12 in amorphous magnets. Thus, as in amorph
ferromagnets,13 the pertinent question here is the validity
the static scaling hypothesis for molecular ferromagn
since molecular and amorphous solids do not have a un
ferromagnetic ground state whereas there can be states
and without a net spontaneous magnetization which are
close in energy.

2. Arrot-like plots

High-field magnetic isotherms between 3 and 9 K are
shown in Fig. 4. The temperature range between 4.4 K
7.3 K was spanned with a resolution of 0.2 K. Comple

FIG. 3. Kouvel plots of the dc-susceptibility data. Open circ
are the (1/x)/@d(1/x)/dT# againstT values that are calculated from
the experimental data and solid lines are best-fit lines with sl
(1/ge f f) that intersect theT axis atTc .
18441
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saturation is achieved at 3 K in a field of about 2 T. Arr
plots,14 where a set of isotherms ofM2 againstH/M is plot-
ted, are used as the decisive experimental method on whe
a material is ferromagnetic or at least whether it posses
spontaneous net magnetization. However, the correspon
Arrot plots at low fields~Fig. 5! show no indication of spon-
taneous magnetizationMs . The isotherms never intercep
the M2 axis, confirming thatMs50 always intercept the
H/M axis at a finite value, yielding a finite susceptibilit
and, therefore, no transition. This inconsistency, betw
magnetothermal~Figs. 2 and 3! and Arrot plot data~Fig. 5!,
comes from the basic concept behind the Arrot plots t
relies on the Landau~mean-field! theory8 of phase transi-
tions. In Arrot’s procedure, the intercept on theH/M axis is
the x21;t2g with g51 and the critical isotherm isH
;M d with d53. However, magnetic critical scatterin
experiments8 show that the critical exponentsg and d are
closer to 1.3 and 4, respectively, indicating that the me
field approximation is not correct in the critical region. B
sides that, the data used for extrapolation back toH/M50
often come from substantial fieldsH.1 kOe, which can al-
ter the magnetic state of molecular or amorphous solids
cause they do not have a well defined ferromagnetic gro
state.

e

FIG. 4. High-field magnetic data.

FIG. 5. Arrot-like plots between 4.6 and 6.0 K. Symbols a
normalized experimental data and solid lines correspond to e
mated curves from Eq.~4!.
5-3
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In the following we show that our data are more cons
tent with a random magnetic-field model. In this model, Ah
rony and Pytte15 have solved the Ginzburg-Landau-Wilso
Hamiltonian with a special random field, showing that t
addition of higher-order or incompletely random-field term
in the calculated isotherms ofM2 as a function ofH/M
allow the appearance of a phase with a net magnetiza
although the ground state has none~random-field magnet!.
These authors have shown that for dimensionalitiesd,4 the
leading terms in the magnetic equation of state
Heisenberg-like models with random fields and rand
uniaxial anisotropies are given by

H/M5t1M21A~m21!~H/M !2e/2, ~4!

where theTc in t is the ordering temperature of the nonra
dom problem,e542d is theepsilon expansion16 about the
effective system dimensionality of 4, and the units ofM
have been chosen to make the coefficient ofM2 equal to
unity. In the random-field caseA5aF(D/J), where the pa-
rameterD is a measure of the relative fluctuation strengt12

of the exchange interactionsJ. In this approximation, the
family of the solid lines in Fig. 5 has been plotted accordi
to Eq. ~4!, using the previously estimated value for theTc
55.7 K in t, an A(m21)50.015, ane51, and properly
normalized values of the magnetization data. Overall,
agreement between the calculated curves and the experi
tal data is satisfactory if someone considers that the mo
calculations have been carried out only to lowest order inD.
An e51 for the exponent of the last term (H/M ) in Eq. ~4!
gives a critical exponent8 n50.51(e/12)1O(e2)50.58 for
the correlation lengthj, which is close to that expected for
three-dimensional Ising model. Generally, a thre
dimensional Ising model describes magnetic systems wi
uniaxial magnetic anisotropy. Such a uniaxial anisotro
may arise from thec8 axis of the tetragonal supercell@Fig.
1~b!#. However, Eq.~4! needs higher-order terms in th
case15 of very largeD or for data points close to the origin i
Fig. 5. It is thus evident from the magnetization data~Fig. 4!
that, although the magnetic susceptibility diverges~Fig. 2! at
a finite temperatureTc , there is no long-range order~the
magnetizationM goes to zero with the fieldH) at any finite
temperatureT, as expected from a random-field magnet15

Thus 1H NMR spectroscopy was used to probe the therm
evolution of local magnetic interactions in this system.

B. NMR measurements

1. Line shapes and T2 spin-spin relaxation time
1H NMR spectra for@Cu(btaO)2(MeOH)#n in a powder

sample were acquired as a function of temperature at app
magnetic fieldH054.7 T. Figure 6 shows typical1H NMR
spectra for selected low temperatures near and above
transition temperatureTc .

The high-temperature spectra~not shown! are narrow
with a width in the kilohertz range, whereas the low
temperature spectra below 60 K are broadened with a w
in the megahertz range. The low-temperature spectra h
been fitted with a Voigt line-shape function that takes in
18441
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account Gaussian broadening~solid lines in Fig. 6!. In a
paramagnet, the shape, width, and the shift of the NMR l
are determined by the local field at the resonating nuc
Apparently there is no appreciable frequency shift of t
peak from thegH0 value as a function of temperature, ind
cating that the relaxation mechanism between the electr
spin and the1H nuclei is predominantly of dipolar origin.17

Figure 7 shows the obtained full width at half maximu
DH ~circles! as a function of temperature, scaled with t
magnetization data~solid line! that were acquired at the sam
field H054.7 T. The dashed line is a Curie-Weiss law@x
}(T2qp)21#, with the paramagnetic Curie temperatur7

up58.4 K. The T2 spin-spin relaxation time~triangles in
Fig. 7! scales also withDH in this temperature region. Thes
results show clearly that the probed contributions from
local magnetic interactions are proportional to bulk mag

FIG. 6. 1H NMR spectra at selected low temperatures.

FIG. 7. 1H NMR linewidth DH ~circles! andT2 ~triangles! spin-
spin relaxation time as a function of temperature. The solid l
shows the magnetization data that were acquired at the same
H054.7 T with NMR data. The dashed line shows a Curie-We
law @x}(T2qp)21#, with a up58.4 K. The inset shows the linea
relationship betweenT2 andDH.
5-4
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MAGNETIC CRITICAL BEHAVIOR IN THE @Cu~1- . . . PHYSICAL REVIEW B 68, 184415 ~2003!
tization or toxH0.18 The broadening of the NMR line show
a significant distribution of paramagnetic shifts at the nucl
site, since in such a case, the resonance field would be
tributed over a rangeDH given by19,20DH53a latxH0, with
a lat being a characteristic constant of the crystal lattice. T
experimental width is determined by superposing a symm
ric broadening over this distribution. Such a distribution m
result from a variation in electronic structure among sit
variations in demagnetizing fields among differently shap
grains in a powdered sample, or from anisotropy of the s
in a randomly oriented powder.21

Figure 8 shows the spin-spin relaxation timeT2 as a func-
tion of temperature for aH054.7 T between 5 and 300 K. In
principle, this relaxation time is a measure of the homo
neously broadened NMR line. As seen in Fig. 8 theT2 is
approximately constant above 100 K because it is ma
determined by the dipolar interactions between the proton
the btaO2 ligands. In this temperature range the decay
relaxation could be analyzed as the sum of two exponent
Specifically, the nonexponential character of this relaxat
time is due to the five nonequivalent proton sites: H4, H
H6, H7, and H10~attached to C10 in Fig. 1! in the unit-cell
volume @Fig. 1~a!#. Below 100 K theT2 increases progres
sively and exhibits both an exponential relaxation decay
a wideT2 maximum between 30 and 45 K~inset of Fig. 8!.
This maximum is reproducible in repeatable NMR measu
ments and thus is a real experimental feature. Since the
no detectable anomaly in bulk magnetic measurements a
10 K then, as will be explained below, the origin of theT2
maximum can be related to the detuning effects that oc
below 60 K~Fig. 7!. In addition, the observed increase ofT2
with decreasing temperature in the region well above theTc
~5.7 K! is quite unusual for a paramagnet and cannot
explained with the temperature-independent nuclear dip
dipole relaxation mechanism in the rigid-lattice approxim
tion. Since this increase ofT2 occurs well above the macro
scopicTc ~Fig. 2! and, in addition, the observed relaxatio
time T1 ~see below! is temperature independent in that r
gion, then such a strong temperature dependence ofT2 can-
not be related to the onset of short-range ferromagnetic
teractions on cooling.

FIG. 8. T2 spin-spin relaxation time as a function of temper
ture. The inset shows in detail the local maximum ofT2 observed
between 30 and 45 K.
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The inset in Fig. 7 reveals a linear relationship betwe
T2 and DH below 60 K, signifying an unexpected correla
tion between the rates of increase ofT2 and DH. Since,
usually,T2 shortens asDH increases then the observed pr
portionality T2;DH below 60 K suggests thatT2 is also
subjected to the inhomogeneity of the local electronic m
ments. These results are consistent with the model22 of mi-
croscopic inhomogeneous broadening of the resonan
frequency~or local-field! distribution. Such inhomogeneitie
may result from nonmagnetic impurities or strains in t
lattice22,23and can separate~detune! the resonant frequencie
of a pair of nuclear spins to such an extent as to stron
inhibit mutual spin flips. This kind of inhomogeneities pr
vents mutual spin flips of the nuclei due to nonconservat
of energy if the difference in their Zeeman energies is lar
than the strength of the interaction between them. Thus,
reduction in the number of allowed transitions due to det
ing can lead to a longer transverse relaxation timeT2, where
according to the model, the shape of the relaxation de
could be a single exponential22 or a sum of exponentials23

depending on the exact form of the inhomogeneous broad
ing. In accordance, the results in Fig. 8 are consistent wi
single-exponential relaxation decay between 5 and 180
The temperature dependence ofT2 near the critical region is
discussed in Sec. III C in connection with the spin-latti
relaxation time.

2. T1 spin-lattice relaxation time

NuclearT1 measurements determine the intensity and c
relation times of magnetic and lattice fluctuations. Thus,
low-frequency spin dynamics of the electronic system can
explored in paramagnets and magnetically ordered syste
The relaxation rates are caused by the time dependenc
the fluctuating local magnetic fields, which, in the syste
examined here, originates from the fluctuations of the loc
ized Cu-ion electron moment. The spin-lattice relaxati
time is related to the electron spin-spin correlation funct
via

1

T1
}E dtcos~v0t !^h~ t !h~0!&, ~5!

wherev0 is the NMR frequency andh(t) is the fluctuating
field due to the electron spin. The analysis of the NMR li
shapes~Figs. 6–8! has shown that the electronic spins of C
are coupled with the1H nuclei through the nuclear-electro
dipolar interactions.

The 1H spin-lattice relaxation time T1 of
@Cu(btaO)2(MeOH)#n was measured at a frequency
200.145 MHz~4.7 T! between room and liquid-helium tem
peratures and is shown in Fig. 9. The relaxation recove
were nonexponential functions due to the many nonequ
lent nuclear sites@Fig. 1~a!# and could be analyzed using th
well-known ‘‘stretched’’ exponential function exp(2t/T1)

a

where 0,a,1. Figure 10 shows the stretched exponenta
as a function of temperature. Figure 9 shows that theT1
relaxation time is temperature independent between 50
300 K whereas it remains field~or frequency! independent
over a quite considerable frequency range at higher temp
5-5
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M. FARDIS et al. PHYSICAL REVIEW B 68, 184415 ~2003!
tures ~inset of Fig. 9!. These results indicate that the hig
temperature approximation of Moriya’s24 calculation can be
readily applied.

Moriya,24 in his pioneering work, expressed the nucle
relaxation rate caused by the hyperfine coupling between
electron spin and the nuclear spin in exchange-coupled p
magnets in terms of autocorrelation function of the elect
spins. In his calculation he neglected the correlation betw
the different electron spins in the high-temperature appro
mation. The expression forT1 andT2 thus obtained showed
no appreciable temperature dependence. Assuming a G
ian distribution centered at zero frequency of the local-fi

FIG. 9. T1 spin-lattice relaxation time as a function of temper
ture. In the inset the frequency dependence ofT1 is shown at 300 K.

FIG. 10. ~a! ‘‘Stretched’’ exponenta as a function of tempera
ture. The solid line is an ‘‘eyeball’’ fit to the data and~b! T1 relax-
ation recovery~circles!. There are two indistinguishable fitting line
through the data, as described in the text.
18441
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spectra at the nucleus due to the fluctuating electronic sp
Moriya’s result in the high-temperature region is given by24

1

T1
5

2A2p

3

ge
2gn

2\2

ve
S~S11!(

j

f ~abg!

r j
6

, ~6!

wherege , gn are the electron and nuclear gyromagnetic
tios, respectively,S51/2, f (abg) is a geometrical factor, of
the order of unity, which depends on the directional cosin
of r j connecting the given nuclear site~protons! to the j th
magnetic ion~copper! with respect to the quantization axis,24

and ve is the exchange frequency of the electron mome
given by

ve
25

8

3 F J

\G2

zS~S11!, ~7!

whereJ is the effective exchange-coupling constant that
sults from the atomic spin density on neighboring atoms a
z is the number of nearest neighbors.

An estimation ofT1 can be made from Eq.~6!, assuming
the positions of the five nonequivalent proton sites from
unit cell shown in Fig. 1~a!. First we calculate the geometr
cal factor in Eq.~6!. The calculation of the sum( j1/r j

6 , for
each of the five protons in the unit cell over a sphere
radius up to 11 Å gives values between 3.131044 and 1.5
31045 cm26. Such a wide range of distances can be cons
ered responsible for the observed stretched exponentia
cay ofT1 in Fig. 10. To obtain the mean value ofT1 we need
the mean value for the sums of the five proton sites whi
assuming24 an f (abg)51, gives ( j f (abg)/r j

657.9
31044 cm26. In addition, an estimation ofve can be made
from Eq. ~7! by considering akinetic exchange interaction
only between the four copper nearest neighbors in Fig. 1@z
54 in Eq. ~7!#. An effective coupling constantJ @Eq. ~7!#
can be estimated from the observedTc55.7 K if the expres-
sion obtained by Rushbrooke and Wood25 is used:

kTc

J
5

5

96
~z21!@11S~S11!21#. ~8!

These relations give aJ/kB55.0 K and a ve51.9
31012 sec21. Thus, considering~i! the averaging procedur
we have undertaken,~ii ! the stretched exponential charact
of the experimental decays, and~iii ! the uncertainty in the
value of the geometrical factor, Eq.~6! gives aT158 msec
that fits extremely well with the experimentalT1 values
shown in the high-temperature region of Fig. 9.

So far, we have successfully calculated the average re
ation timeT1 for the higher-temperature~paramagnetic! re-
gion. In addition, we will show that we can fully reconstru
the experimental decay curves without additional adjusta
parameters, by considering only five individual relaxati
times for each proton site. In other words, we will show th
it is possible to simulate the stretched exponential decay
T1 by the sum of the calculated relaxation times. The su
for the five proton sites and the correspondingT1 values
from Eq. ~6! are given in Table I.
5-6
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MAGNETIC CRITICAL BEHAVIOR IN THE @Cu~1- . . . PHYSICAL REVIEW B 68, 184415 ~2003!
To fit the wide range of experimentalT1 values~circles!
in Fig. 10~b! we have chosen from Table I three represen
tive relaxation times of 4, 8, and 20 msec in order to form
three-exponential recovery fitting function. In this procedu
the relaxation times were fixed and their weights were
adjustable parameters. The best-fitting curve is shown in
10~b!, together with the stretched exponential fit~both shown
as solid lines!. Remarkably, the two fitting curves coincid
and the fit to the experimental points is excellent. Thus,
spite the difficulties associated with many nonequivalent p
ton sites, the good agreement between the experimental
and the calculated values from the simple model used sh
that a better than order of magnitude estimate for theJ and
ve values has been achieved from the high-tempera
~paramagnetic! region ofT1.

C. NMR relaxation rates in the critical region

The high-temperature approximation, where pair corre
tion between the different electron spins is neglected, is
longer valid at finite temperatures and especially around
critical temperature. In this region, the experimental 1/T1 and
1/T2 relaxation rates are shown in Figs. 11~a! and 11~b! as a
function of temperature. As seen, the high-temperature
proximation does not apply below 30 K, where the 1/T1 de-
creases by approximately two orders of magnitude. In s
of years of theoretical effort, the problem of calculating c
relation functions at finite temperatures, in order for Eq.~5!
to be applicable, has not yet been solved. Moriya26 has man-
aged to correlate the temperature variation of the NMR
laxation times with the temperature dependence of the wa
vector-dependent susceptibility. In addition, vario
interpolation procedures, which combine moment exp
sions at short times and diffusive decay at long times, h
been particularly successful.27

In this section we demonstrate that a simple model tha
based on a two-level scheme28 for the fluctuations of the
orientation of the magnetic moment is adequate to desc
our T1 relaxation data close to and above the transition te
perature. This model has been originally proposed by Ha
emanet al.28 and it was frequently employed for the nuclea
magnetic relaxation in paramagnets.18,29,30

The main assumption of the model is that during a cert
average lifetimet1 the magnetic moment in a Cu ion
directed parallel to the time average magnetization^M &

TABLE I. CalculatedT1 relaxation times and geometrical sum
for the five inequivalent proton sites in the unit cell, according
Eq. ~6!.

1H site
( j

1

r j
6(cm26)

T1 ~msec!

H4 1.49931045 4.0
H10 8.62731044 7.0
H7 7.18431044 8.4
H5 5.65031044 10.7
H6 3.09431044 19.5
18441
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whereas during an average lifetimet2 is antiparallel to it.
Thus, the time-average magnetization is given by

^M &5MsS t12t2

t11t2
D , ~9!

whereMs is the saturation magnetization. Accordingly, th
magnetic local field at the proton sitehi has the same time
dependence as the magnetic moment of the nearest Cu
and its average value is proportional to the average valu
the magnetic moment, following Eq.~9!. In this approxima-
tion, the spectral densityJ(v) is given by28

J~v!5hi0
2 8t1t2

~t11t2!2

t

~11v2t2!
, ~10!

where 1/t51/t111/t2 , hi0 is the saturation value ofhi at
T50, andv is the Larmor angular frequency. For the inte
sity at the Larmor frequency of the proton, the approxim
tion vt!1 could be applied, and after some algebra
relaxation rate 1/T1;J(v) can be expressed in terms of^M &
by using Eq.~9!:

1

T1
5

gn
2hi0

2

4 S Ms
22^M &2

Ms
2 D 2

~t11t2!. ~11!

The interesting feature of Eq.~11! is that 1/T1 is propor-
tional to both the sum (t11t2) and the reduced magnetiza
tion: (12^M &2/Ms

2)2 term deduced easily from typical mag
netization versus temperature measurements.
temperature dependence of^M & has been measured~solid

FIG. 11. 1/T1 ~a! and 1/T2 ~b! relaxation rates as a function o
temperature in the low-temperature region. The solid line in~a! is a
fit to Eq. ~11! and the solid line in~b! is inverse magnetization data
5-7
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line in Fig. 7! and following an estimation of the saturatio
magnetization, the 1/T1 NMR relaxation data have been fit t
Eq. ~11! and the result is shown as solid line in Fig. 11~a!.
The fit is excellent between 5 and 30 K, indicating the v
lidity of this two-level, microscopic model for temperature
close to and above theTc . The good fits in Fig. 11 indicate
that the (t11t2) sum can have a constant value in that
gion. In addition, Eqs.~6! and ~11! should become identica
in the high-temperature~paramagnetic! region, where the
(12^M &2/Ms

2)2 term tends to 1. In this limit, the value o
(t11t2) is given by 1/ve.5310213 sec21. Below theTc
55.7 K, the experimental data deviate from the fitting cur
of Eq. ~11! and the dotted line in Fig. 11~a! is an extrapola-
tion of the reduced magnetization data below 5 K. This
viation is not unexpected because there is no reason fo
(t11t2) sum to be constant below theTc . Despite this
small deviation, no critical slowing down of the spin fluctu
tions has been observed in the 1/T1 NMR data near the tran
sition temperature. This is due to the smearing effect of
large (.4.7 T) applied magnetic field, since (gmBH
;kBT). Generally, the application of a magnetic field su
presses the critical fluctuations and reduces the characte
lifetimes.31 A more abrupt change in the NMR data near t
critical point is observed in the temperature dependenc
1/T2. It shows that, despite the external application of 4.7
the 1/T2 @circles in Fig. 11~b!# is more sensitive to the para
magnetic Curie pointup58.35 K than the inverse magnet
zation data@solid line in Fig. 11~b!#.

IV. CONCLUSIONS

In summary, a complete set of magnetization-temperat
field and NMR measurements have been performed in
molecule-based material@Cu(btaO)2(MeOH)#n . The suc-
cessful analysis ofM2 versusH/M plots in Fig. 5 with a
magnetic equation of state@Eq. ~4!#, which assumes a
random-field ground state for the@Cu(btaO)2(MeOH)#n ma-
terial, can explain the absence of remanent magnetizatio~at
H50 Oe! from the M -H curves below the observedTc
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