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'H nuclear-magnetic-resonance and magnetization measurements have been performed in the molecule-
based solid Cu(btaO)(MeOH)], (btaOH stands for 1-hydroxybenzotriazolates a function of temperature.
The compound exhibits a critical transition Bf=5.7 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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. INTRODUCTION and a positive paramagnetic Curie temperattjye 8.35 K,
§ignifying the presence of ferromagnetic spin coupling

Magnetism in molecule-based materials is a subject o Cu iond In additi ’ tibilit d
continuing interest from both the fundamental and the tech&M'°N9 U 1ons.in addition, ac-magnetic-susceptibiiity an

nological point of viewt Of particular interest is the design dc-magnetization measureméntsave revealed two inflec-

o tion points which were tentatively attributed to two critical
of molecule-based ferromagnets that exhibit a Spomanem{gmperatures at 6.4 and 4.4 K. Although the exact physical
magnetization below a critical temperaturg. The original

: 2di origin of these transitions is ambiguous, it was suggésted
synthetic route was basedirst, on the assembly of molecu- 4t the two inflection points may reflect the observed anisot-

lar bricks that form a low-dimensional system with & mag-ropy in the crystallographic axes. In view of the intriguing
netic ground state and, second, on coupling the chains qehavior of the magnetic data and of the fact that ferromag-
layers in a ferromagnetic fashion. However, it is often diffi- netic insulators are relatively rare, it becomes evident that
cult to realize the symmetry conditions that favor the parallelmore sophisticated measurements are required to determine
alignment of local spins in all dimensions. Thus, the magnetic state ¢fCu(btaO)(MeOH)],,. The aim of the
polymetallic-antiferromagnetically coupled or network- present study is to probe the static and dynamic magnetic
structured ferromagnetic, ferrimagnetic molecular strucproperties of this molecule-based solid by means of bulk
tures were subsequently emergell.in this context the magnetization measurements alongsid pulsed nuclear-
reported ferromagneticlike behavior in a newly magnetic-resonand®dMR) experiments.
synthesizetl [Cu(btaO)(MeOH)], (btaOH stands for
1-hydroxybenzotriazo)e homometallic polymeric complex
deserves further examination. This complex crystallizes in a
three-dimensional3D) polymer motif with a structure built The synthesis and crystal structure of the
up with helices and exhibits bulk ferromagnetic propertie§ Cu(btaO)(MeOH)],, complex is described elsewheréH
below about 4 K’ It crystallizes in the tetragonal space pulsed NMR experiments were performed at 4.7 T using a
group P43;2,2 with lattice parameters(at 25°C) a Bruker MSL200 spectrometer operating at 200.145 MHz. An
=9.915(1) A, c=14.715(2) A. The Ct" ions display a Oxford 1200CF continuous flow cryostat was employed for
square pyramidal coordination with four btaQigands on  measurements in the range 3—300 K. At high temperatures,
the basal plane and the oxygen of the disordered methanttie *H NMR spectra were obtained by the Fourier transform
molecule at the apical positiofiFig. 1(@)]. Each btaO of the nuclear free-induction decay at the Larmor frequency,
ligand bridges two sequential metal ions through its oxygersince a single pulse of 1.5-4 usec was sufficiently strong
O(1) and nitrogen KB) atoms. Each CU ion is surrounded to irradiate the whole NMR line. For low-temperature mea-
by four other coppers in a, slightly distorted, tetrahedral arsurements, the spectra were obtained by the spin-echo point
rangement and is linked to them through the btali@and. by point method while varying the frequency, because of the
Through these bridging paths a 3D diamondlike lattice islarge width of the resonance lin€; spin-lattice andr', spin-
formed[Fig. 1(b)]. spin relaxation times were measured using the standard spin-
Previous dc-magnetic-susceptibility measurements on acho pulse sequence combined with the saturation recovery
polycrystalline sample of[ Cu(btaO)(MeOH)], at Hg method for T; measurements. Dc-magnetic measurements
=1000 Oe have shown that the susceptibility follows thewere performed in a Quantum Design MPMSR2 supercon-
Curie-Weiss law with a Curie consta@t=0.42 emuK/mol ducting quantum interference device magnetometer.

Il. EXPERIMENTAL DETAILS
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FIG. 2. dc-susceptibility measurements as a function of tem-
perature for three applied fields.

for the magnetizationM(t,h): M(t,h=0)~(—t)? and
M(0,h)~h'? which are characterized by a set of critical
exponents3 and & when the dimensionless variables (T
—T)/T, h=(gugHes1)/kgT, are introduced around the
critical point T, for an effective fieldH ;s between the cells
in the correlated regioii~T.. The isothermal susceptibility
can be calculated from (t,h) by means ofy=JdM/dH, and
gives & x~(t) 7, in small fields at temperatures just above
T.. Thus, log-log plots of they of a ferromagnet againgt
—T, should be linear with slope-y, showing thaty di-
verges asT—T.) "~ ” in the critical region:

x~(T=Te) 7 @

In principle, ay can be defined asymptotically close to
T., ast—0. In this regime the static scaling hypothesis was
put on firm theoretical ground and the renormalization-group
analysis of the three-dimensional Heisenberg ntbgeo-
vides with high precision the critical exponentg
=0.3647(12),y=1.3866(12), which surpasses the experi-
mentally availablg precision of magnetic systemspg(
~0.37, y=~1.33, 6~4). The disagreement of critical expo-
nents between theory and experiment is due, mainly, to the

FIG. 1. (8 The square pyramidal coordination of ¥uis  existence of long-range interactions in real systems.
shown. The dotted lines indicate the tetrahedral arrangement of Cadanoffet al'® have estimated that the influence of these
ions. (b) The tetragonal supercell corresponding to the cubic cell ofinteractions on critical fluctuations in magnetization can be
diamond. The original cell is also shown. The dimensions of theneglected if the extent of the critical regidti is
supercell area’=14.022 A andc’=14.715 A. Thea’ axis is

along the main diagonal of the base of the original cell. gugSesM(0)| Y7
[t|>| ————| =t.. (2
kgTe
Ill. RESULTS AND DISCUSSION
The estimated, for metallic ferromagnet$Fe, Ni, .. .)
A. Magnetic measurements is of the order of 103, indicating that the extent of the

critical region must be at least of the order of 70 How-
ever, there is no unambiguous way to determine the bound-
dc-susceptibility §) measurements are shown in Fig. 2 aries of the critical region from standard magnetic measure-
for three external field$1=5,50, and 1000 Oe between 3 ments and thus there is always a large uncertainty in the
and 10 K. No appreciable differences were observed betweeralues of the critical exponents that are determined from
the field cooled and zero-field cooled curves down to 3 K.such measurements. This problem can be faced by analyzing
The strong divergence of indicates that there are fluctua- the experimental data in the nonasymptotic regime, far away
tions of large correlated domains of spins at al®i which  from the critical region, where approach to criticality is de-
can be assignédo a magnetic critical temperatufe . Inthe  scribed by nonuniversal effective critical exponents that are
critical region of a ferromagnet there &rscaling equations valid in a certain temperature intervalTo examine the tem-

1. Critical exponents from dc-susceptibility measurements
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FIG. 4. High-field magnetic data.

Temperature [K] saturition is achieved at 3 K in a 2field of about 2 T. Arrot
FIG. 3. Kouvel plots of the dc-susceptibility data. Open circles plots,” where a set of |sgtherms M. againstH/M is plot-
are the (14)/[d(1/x)/dT] againsfT values that are calculated from ted, are _usgd as the deC|S|_ve experimental metho_d on whether
the experimental data and solid lines are best-fit lines with slop@ material is ferromagneyc C,)r at least whether it possesses
(1/y.) that intersect tha axis atT, . spontaneous net magnetization. However, the corresponding
Arrot plots at low fieldg(Fig. 5 show no indication of spon-

Kouvel and Fishét have introduced an effective exponent the M? axis, confirming thatMs=0 always intercept the
H/M axis at a finite value, yielding a finite susceptibility

1):
Yer(t and, therefore, no transition. This inconsistency, between
din x(t) magnetothermalFigs. 2 and Band Arrot plot dataFig. 5),
YVeif(l)= dnt (3 comes from the basic concept behind the Arrot plots that

relies on the Landa@mean-field theory® of phase transi-
tions. In Arrot's procedure, the intercept on tHéM axis is

the y 1~t~” with y=1 and the critical isotherm is
~M? with §=3. However, magnetic critical scattering
experiment$ show that the critical exponentg and & are
closer to 1.3 and 4, respectively, indicating that the mean-
field approximation is not correct in the critical region. Be-
sides that, the data used for extrapolation backit =0
often come from substantial field$>1 kOe, which can al-

ter the magnetic state of molecular or amorphous solids be-
cause they do not have a well defined ferromagnetic ground
state.

In the asymptotic limit {—0) the effective and
asymptotic exponents coincide. Thus, a plot of
(1/x)/[d(1/x)/dT] againstT can givé' a fit of the tempera-
ture dependence of the low fiejdif we use Eqs(1) and(3)
just above thel' .. Equation(1) is expected to give a straight
line with slope (14,.¢s) that intersects th& axis atT,. It is
worth noting that this method avoids errors due to
uncertainties"®in T,. In accordance, Fig. 3 shows that Eq.
(1) fits well the susceptibility daté&he curve forH=1 kOe
is not shown for clarity with a field-independenT.=5.7
+0.02 K whereas they.¢ is field and temperature range
dependent, as expected for the nonasymptotic regime. 0.4

The obtainedy.¢; values are between 1.1 and 1.25,
whereas the Ginzberg-Landau theory prediets/alue ofy
=1 (Curie-Weiss law far away from the critical region.
These values are comparable with¢; values that were
obtained? in amorphous magnets. Thus, as in amorphous
ferromagnets? the pertinent question here is the validity of
the static scaling hypothesis for molecular ferromagnets
since molecular and amorphous solids do not have a unique 0.1
ferromagnetic ground state whereas there can be states with
and without a net spontaneous magnetization which are very

T=46K
T=48K
T=52K

»P ODOD®w

0.3
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close in energy. 0.0 UL /i £
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2. Arrot-like plots H/M
High-field magnetic isotherms between 3da@ K are FIG. 5. Arrot-like plots between 4.6 and 6.0 K. Symbols are

shown in Fig. 4. The temperature range between 4.4 K andormalized experimental data and solid lines correspond to esti-
7.3 K was spanned with a resolution of 0.2 K. Completemated curves from Eq4).
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In the following we show that our data are more consis-

tent with a random magnetic-field model. In this model, Aha-

rony and Pytt&® have solved the Ginzburg-Landau-Wilson T=5K

Hamiltonian with a special random field, showing that the -

addition of higher-order or incompletely random-field terms N

in the calculated isotherms d¥l? as a function ofH/M

allow the appearance of a phase with a net magnetization,

although the ground state has nomandom-field magnét

These authors have shown that for dimensionaldies! the T=10K

leading terms in the magnetic equation of state for

Heisenberg-like models with random fields and random

uniaxial anisotropies are given by T=25K
H/M=t+M2+A(m—1)(H/M) €2, (4)

where theT,. in t is the ordering temperature of the nonran- T=60K

dom problem,e=4—d is theepsilon expansiofi about the
effective system dimensionality of 4, and the units Mf
have been chosen to make the coefficientvbt equal to
unity. In the random-field cas&= a(A/J), where the pa-
rameterA is a measure of the relative fluctuation strefgth
of the exchange interactions In this approximation, the FIG. 6. *H NMR spectra at selected low temperatures.
family of the solid lines in Fig. 5 has been plotted according

to Eq. (4), using the previously estimated value for the  account Gaussian broadenifisolid lines in Fig. 6. In a
=5.7Kin t, an A(m—1)=0.015, ane=1, and properly paramagnet, the shape, width, and the shift of the NMR line
normalized values of the magnetization data. Overall, theyre determined by the local field at the resonating nuclei.
agreement between the calculated curves and the experimempparently there is no appreciable frequency shift of the
tal data is satisfactory if someone considers that the modgjeak from theyH,, value as a function of temperature, indi-
calculations have been carried out only to lowest ordeX.in  cating that the relaxation mechanism between the electronic
An e=1 for the exponent of the last teri(M) in Eq.(4)  spin and the'H nuclei is predominantly of dipolar origiH.
gives a critical exponefity=0.5+ (€/12)+O(€?) =0.58 for Figure 7 shows the obtained full width at half maximum
the correlation lengtl, which is close to that expected for a AH (circles as a function of temperature, scaled with the
three-dimensional Ising model. Generally, a three-magnetization datésolid line) that were acquired at the same
dimensional Ising model describes magnetic systems with fie|d H,=4.7 T. The dashed line is a Curie-Weiss @y
uniaxial magnetic anisotropy. Such a uniaxial anisotropyoc(T_ﬁp)fl], with the paramagnetic Curie temperature
may arise from the’ axis of the tetragonal supercgffig.  y =g8.4 K. The T, spin-spin relaxation timdtriangles in
1(b)]. However, Eq.(4) needs higher-order terms in the Fig 7) scales also wittAH in this temperature region. These
case® of very largeA or for data points close to the origin in results show clearly that the probed contributions from the

Fig. 5. Itis thus evident from the magnetization dé#®. 4 |ocal magnetic interactions are proportional to bulk magne-
that, although the magnetic susceptibility divergéig. 2) at

a finite temperaturél;, there is no long-range orddthe L4

197 198 199 200 201 202

Frequency [MHz]

magnetizatiorM goes to zero with the fieltl) at any finite A ' ——04
temperatureT, as expected from a random-field magttet. 12r 3 o0} .
Thus *H NMR spectroscopy was used to probe the thermal 10} E 2 403
evolution of local magnetic interactions in this system. = osh = ol £
% 00t 1402 E
= 06 0.0020406081.0 1.2 1.4 —
B. NMR measurements e 04 AH [MHz] F‘N
< YVar 4
1. Line shapes and 7 spin-spin relaxation time ool aH [MIz] ™ v 101
VA el
'H NMR spectra forf Cu(btaO}(MeOH)],, in a powder R e
sample were acquired as a function of temperature at applied 0'00 10 20 30 40 50 60 700'0

magnetic fieldH,=4.7 T. Figure 6 shows typicaiH NMR
spectra for selected low temperatures near and above the

transition temperature. . FIG. 7. 'H NMR linewidth AH (circles andT, (triangles spin-

The high-temperature spect@ot shown are narrow spin relaxation time as a function of temperature. The solid line
with a width in the kilohertz range, whereas the low- shows the magnetization data that were acquired at the same field
temperature spectra below 60 K are broadened with a widthi,=4.7 T with NMR data. The dashed line shows a Curie-Weiss
in the megahertz range. The low-temperature spectra havaw [ y=(T—9,) '], with a#,=8.4 K. The inset shows the linear
been fitted with a Voigt line-shape function that takes intorelationship betweeif, andAH.

Temperature [K]
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lgm— T3 The inset in Fig. 7 reveals a linear relationship between
F s ] T, and AH below 60 K, signifying an unexpected correla-
:\ 02, 1 1 tion between the rates of increase Bf and AH. Since,
] . ] usually, T, shortens ad\H increases then the observed pro-
* 017 ee®e 1 portionality T,~AH below 60 K suggests thak, is also
*teeee o o ] subjected to the inhomogeneity of the local electronic mo-
ments. These results are consistent with the nfdaéImi-
croscopic inhomogeneous broadening of the resonance-
frequency(or local-field distribution. Such inhomogeneities
may result from nonmagnetic impurities or strains in the
OO = 0 150 200 250 300 lattice”>?*and can separateletune the resonant frequencies
of a pair of nuclear spins to such an extent as to strongly
inhibit mutual spin flips. This kind of inhomogeneities pre-
FIG. 8. T, spin-spin relaxation time as a function of tempera- vents mutL_JaI spir_l flips of t_he nu_clei due 1o noncpnsgrvation
ture. The inset shows in detail the local maximumTgfobserved of energy if the d|fferenc_e n the!r Zeeman energies is larger
between 30 and 45 K. than the strength of the interaction between them. Thus, the
reduction in the number of allowed transitions due to detun-
o 18 ) i ing can lead to a longer transverse relaxation tirpewhere
tization or toxHo.™ The broadening of the NMR line shows 4ccording to the model, the shape of the relaxation decay
a significant distribution of paramagnetic shifts at the nucleaggyid be a single exponentfalor a sum of exponentid®
site, since in such a case, the resonance field would be digepending on the exact form of the inhomogeneous broaden-
tributed over a rang&H given by*?° AH=3axHo, With  ing. In accordance, the results in Fig. 8 are consistent with a
aje being a characteristic constant of the crystal lattice. Thesingle-exponential relaxation decay between 5 and 180 K.
experimental width is determined by superposing a symmetThe temperature dependencelgfnear the critical region is
ric broadening over this distribution. Such a distribution maydiscussed in Sec. IlIC in connection with the spin-lattice
result from a variation in electronic structure among sitesyelaxation time.
variations in demagnetizing fields among differently shaped
grains in a powdered sample, or from anisotropy of the shift 2. T, spin-lattice relaxation time

in a randomly oriented p_c;wdé_+. o NuclearT,; measurements determine the intensity and cor-

_ Figure 8 shows the spin-spin relaxation tiigas a func-  yg|ation times of magnetic and lattice fluctuations. Thus, the
tion of temperature for &o=4.7 T between 5 and 300 K. In |5\ frequency spin dynamics of the electronic system can be
principle, this relaxation time is a measure of the homogegypiored in paramagnets and magnetically ordered systems.
neously broadened NMR line. As seen in Fig. 8 feis  The relaxation rates are caused by the time dependence of
approximately constant above 100 K because it is mainlhe fluctuating local magnetic fields, which, in the system

determined by the dipolar interactions between the protons igyamined here, originates from the fluctuations of the local-
the btaO' ligands. In this temperature range the decay ofizeqd Cu-ion electron moment. The spin-lattice relaxation

relaxgyion could be analyzed as the sum of two (._;.Xponenti'alst-,me is related to the electron spin-spin correlation function
Specifically, the nonexponential character of this relaxation,jy

time is due to the five nonequivalent proton sites: H4, H5,

H6, H7, and H1Qattached to C10 in Fig.)lin the unit-cell 1

volume[Fig. 1(@]. Below 100 K theT, increases progres- T_Mf dtcog wot)(h(t)h(0)), (5
sively and exhibits both an exponential relaxation decay and !

a wide T, maximum between 30 and 45 (hset of Fig. 8.  wherew, is the NMR frequency anti(t) is the fluctuating
This maximum is reproducible in repeatable NMR measurefield due to the electron spin. The analysis of the NMR line
ments and thus is a real experimental feature. Since there ghapegFigs. 6—8 has shown that the electronic spins of Cu
no detectable anomaly in bulk magnetic measurements abowge coupled with théH nuclei through the nuclear-electron
10 K then, as will be explained below, the origin of the  dipolar interactions.

maximum can be related to the detuning effects that occur The 'H spin-lattice relaxation time T, of
below 60 K(Fig. 7). In addition, the observed increaseTof [ Cu(btaO}(MeOH)], was measured at a frequency of
with decreasing temperature in the region well aboveTthe 200.145 MHz(4.7 T) between room and liquid-helium tem-
(5.7 K) is quite unusual for a paramagnet and cannot beeratures and is shown in Fig. 9. The relaxation recoveries
explained with the temperature-independent nuclear dipolewere nonexponential functions due to the many nonequiva-
dipole relaxation mechanism in the rigid-lattice approxima-lent nuclear site§Fig. 1(a)] and could be analyzed using the
tion. Since this increase df, occurs well above the macro- well-known “stretched” exponential function expt/T;)*
scopic T, (Fig. 2) and, in addition, the observed relaxation where 0<a<1. Figure 10 shows the stretched exponent
time T, (see belowy is temperature independent in that re-as a function of temperature. Figure 9 shows that The
gion, then such a strong temperature dependende cBn-  relaxation time is temperature independent between 50 and
not be related to the onset of short-range ferromagnetic in300 K whereas it remains fieltbr frequency independent
teractions on cooling. over a quite considerable frequency range at higher tempera-

0.0 I 1 I 1 1 :
%, 0 20 40 60 80 100 ]
L4 -

T2 [msec]
<o
&

Temperature [K]
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" 4. ' T ' spectra at the nucleus due to the fluctuating electronic spins,
1000} ‘ ol 17 Moriya’s result in the high-temperature region is giverfby
: glo- JPTEREL 2,242
—_ o«
2 ool H A T=300K | | Ti 2\/% Yt S(S+ 1)2 67), (6)
= . 6 - . I
H— ° 10 50 100 500
H Frequency [MHz] wherey,, vy, are the electron and nuclear gyromagnetic ra-
1ok ‘w Cece o, . tios, respectivelys=1/2, f(aB7y) is a geometrical factor, of
e ° the order of unity, which depends on the directional cosines
0 50 100 150 200 350 300 of r; connecting the given nuclear sitprotons to the jth

magnetic ion(copper with respect to the quantization axfs,
and w, is the exchange frequency of the electron moments

FIG. 9. T, spin-lattice relaxation time as a function of tempera- 9iven by
ture. In the inset the frequency dependence& o6 shown at 300 K.

Temperature [K]

2
2— z9S+1), (7)

“=3|n

w

tures(inset of Fig. 9. These results indicate that the high-
temperature approximation of MoriyA%calculation can be
readily applied. whereJ is the effective exchange-coupling constant that re-
Moriya,?* in his pioneering work, expressed the nuclearsults from the atomic spin density on neighboring atoms and
relaxation rate caused by the hyperfine coupling between thzis the number of nearest neighbors.
electron spin and the nuclear spin in exchange-coupled para- An estimation ofT, can be made from Eq6), assuming
magnets in terms of autocorrelation function of the electrorthe positions of the five nonequivalent proton sites from the
spins. In his calculation he neglected the correlation betweetnit cell shown in Fig. {a). First we calculate the geometri-
the different electron spins in the high-temperature approxical factor in Eq.(6). The calculation of the sur; 1/rJ6 for
mation. The expression fdr; and T, thus obtained showed each of the five protons in the unit cell over a sphere of
no appreciable temperature dependence. Assuming a Gausadius up to 11 A gives values between 810* and 1.5
ian distribution centered at zero frequency of the local-fieldx 10** cm™®. Such a wide range of distances can be consid-
ered responsible for the observed stretched exponential de-

N ' T ' cay of T, in Fig. 10. To obtain the mean value ©f we need

101 @) ] the mean value for the sums of the five proton sites which,
3 08 _ ] assuming® an f(aBy)=1, gives I, f(a,By)/r =79
g X 10* cm™®. In addition, an estimation ch) can be made
S o6l | from Eq. (7) by considering &inetic exchange interaction
= | only between the four copper nearest neighbors in Fig 1
< oal ] =4 in Eq. (7)]. An effective coupling constant [Eqg. (7)]
& I ] can be estimated from the observed=5.7 K if the expres-
«;2 oo L 1 sion obtained by Rushbrooke and W8bi used:
A I

0.0 R . R . kT, 5

2 4 6810 20 40 608100 200 400 7~ oz DIIS(S+1)—1]. (8)

Temperature [K]

These relatlons give a/kg=5.0K and a we=1.9
X 10'? sec !. Thus, consideringi) the averaging procedure
we have undertakerﬁii) the stretched exponential character
of the experimental decays, aiiiil) the uncertainty in the
value of the geometrical factor, E(6) gives aT,=8 msec
that fits extremely well with the experimentdl; values
shown in the high-temperature region of Fig. 9.

So far, we have successfully calculated the average relax-
ation timeT; for the higher-temperatur@paramagneticre-
gion. In addition, we will show that we can fully reconstruct
o1 1 o 10 1000 the experimental decay curves without additional adjustable
parameters, by considering only five individual relaxation
times for each proton site. In other words, we will show that

FIG. 10. (a) “Stretched” exponentx as a function of tempera- it IS possible to simulate the stretched exponential decay of
ture. The solid line is an “eyeball” fit to the data arfd) T, relax- T, by the sum of the calculated relaxation times. The sums
ation recovery(circles. There are two indistinguishable fitting lines for the five proton sites and the correspondifig values
through the data, as described in the text. from Eq. (6) are given in Table I.

NMR signal intensity (arb. units)

Time [msec]
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TABLE |. CalculatedT, relaxation times and geometrical sums 0 5 10 15 20 25 30
for the five inequivalent proton sites in the unit cell, according to wolE " " T T
Eq. (6) E
H site 1 . T, (mseg —

Zi—(cm™®) =
] L
re g 10%
& -
H4 1.499< 105 4.0 g 1
H10 8.627% 10" 7.0 1E
H7 7.184x 10" 8.4 14E
H5 5.650< 10* 10.7 12¢
H6 3.094< 10% 19.5 10}
St

(o)}
T

To fit the wide range of experimental, values(circles

in Fig. 10b) we have chosen from Table | three representa-
tive relaxation times of 4, 8, and 20 msec in order to form a
three-exponential recovery fitting function. In this procedure,
the relaxation times were fixed and their weights were the
adjustable parameters. The best-fitting curve is shown in Fig. o
10(b), together with the stretched exponentialfioth shown 0 5 10 15 20 25 30
as solid lines Remarkably, the two fitting curves coincide

and the fit to the experimental points is excellent. Thus, de-
spite the difficulties associated with many nonequivalent pro- g5 11 1T, (8 and 1T, (b) relaxation rates as a function of

ton sites, the good agreement between the experimental daignperature in the low-temperature region. The solid liniris a
and the calculated values from th_e S|mp|e_ model used showg to Eq. (11) and the solid line ir(b) is inverse magnetization data.
that a better than order of magnitude estimate forXtaad

we values has been achieved from the high-temperaturghereas during an average lifetime is antiparallel to it.

1/T R [msec‘l]

Temperature [K]

(paramagneticregion of T;. Thus, the time-average magnetization is given by
C. NMR relaxation rates in the critical region T1T T2
g (M)= Ms( ) , ©)
Tl+ T

The high-temperature approximation, where pair correla-

tion between the different electron spins is neglected, iS NQnere M is the saturation magnetization. Accordingly, the
Io_n_ger valid at finite temperatures and espe_ually around th?nagnetic local field at the proton site has the same time
critical temperature. In this region, the experimentdJdnd  gependence as the magnetic moment of the nearest Cu ion
1/T relaxation rates are shown in Figs.(dland 11b) asa  4nq its average value is proportional to the average value of

function of temperature. As seen, the high-temperature age magnetic moment, following E¢9). In this approxima-
proximation does not apply below 30 K, where th&lde-  on the spectral density(w) is given by®

creases by approximately two orders of magnitude. In spite

of years of theoretical effort, the problem of calculating cor- 87,7, T
relation functions at finite temperatures, in order for Ej. J(w)=h% 5 N (10
to be applicable, has not yet been solved. Mdfiyems man- (11+72)° (L+ 07

aged to correlate the temperature variation of the NMR reg, .\ . 1. Ur,+1/ry, hyy is the saturation value df; at
’ I I

laxation times with the temperature dependence of the WaVer_ 5 andew is the Larmor angular frequency. For the inten-

yeictor-?jetpendent dSUSCGptIE!“E/. Inb. addition, tvarloussity at the Larmor frequency of the proton, the approxima-
interpofation procedures, which combine moment expany,, ,-<1 could be applied, and after some algebra the

sions at short times and diffusive decay at long times, hav?elaxation rate T,~J(w) can be expressed in terms(fl)
been particularly successfi/l. by using Eq.(9): !

In this section we demonstrate that a simple model that is
based on a two-level scheffifor the fluctuations of the 1 2.2
orientation of the magnetic moment is adequate to describe = _ Inlio
our T, relaxation data close to and above the transition tem- T 4
perature. This model has been originally proposed by Hard-
emanet al?® and it was frequently employed for the nuclear-  The interesting feature of Eq11) is that 1T, is propor-
magnetic relaxation in paramagné$g®3° tional to both the sum4;+ 7,) and the reduced magnetiza-
The main assumption of the model is that during a certairion: (1—(M)?/M?2)? term deduced easily from typical mag-
average lifetimer; the magnetic moment in a Cu ion is netization versus temperature measurements. The
directed parallel to the time average magnetizatidh)  temperature dependence @) has been measurggolid

2

MZ—(M)?
) (11 72). (11

Mg
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line in Fig. 7) and following an estimation of the saturation =5.7 K. In support, using the expressions of Rushbrooke
magnetization, the T4 NMR relaxation data have been fit to and Wood?® the magnitude of the exchange interactions and
Eqg. (11) and the result is shown as solid line in Fig.(d1 the spin fluctuations in the paramagnetic state obtained from
The fit is excellent between 5 and 30 K, indicating the va-proton-NMR data are consistent with the observed transition
lidity of this two-level, microscopic model for temperatures temperature. In addition, the proton NMR relaxation data
close to and above thE;. The good fits in Fig. 11 indicate have been successfully analyzed near the critical region in
that the ¢+ 7,) sum can have a constant value in that re-terms of a microscopic two-level scheme model that
gion. In addition, Eqs(6) and(11) should become identical assumed electronic-spin fluctuations in Cu. The magnetic
in the high-temperaturéparamagnetic region, where the susceptibility diverges strongly at a finite temperature. The
(1—(M)2/M?)? term tends to 1. In this limit, the value of analysis of (1¢)/[d(1/x)/dT] againstT gives a critical tem-
(7,4 7,) is given by 1b,=5%x10 ¥ sec!. Below theT,  perature of 5.7 K and a nonuniversal critical expongg
=5.7 K, the experimental data deviate from the fitting curvethat is between 1.1 and 1.2. A similar susceptibility critical
of Eq. (11) and the dotted line in Fig. 14) is an extrapola- exponenty=1.22(2) has been obsenih the organic fer-
tion of the reduced magnetization data below 5 K. This defomagnet tetrakiglimethylamingethylene-G, (TDAE-Cg)
viation is not unexpected because there is no reason for tras well. In both systems, th€u(btaO}(MeOH)], and thé?
(r1+7,) sum to be constant below thE,. Despite this TDAE-Cgy, the measured critical exponents differ signifi-
small deviation, no critical slowing down of the spin fluctua- cantly from the ones of the 3D Heisenberg model. In the case
tions has been observed in thd 1NMR data near the tran- of TDAE-Cg, the observed violation of the hyperscaling
sition temperature. This is due to the smearing effect of théelations is due to a reduced effective dimension, indicating
large (=4.7 T) applied magnetic field, sincegfgH that the fluctuations at the critical transitiof & 16.1 K)
~kgT). Generally, the application of a magnetic field sup-are stronger than purely thermal fluctuations. Such an en-
presses the critical fluctuations and reduces the characteristiancement of fluctuations may arise from the configurational
lifetimes3! A more abrupt change in the NMR data near thedisorder in random-field systerfi$which for’?> TDAE-Cq
critical point is observed in the temperature dependence ofsults in critical exponent valu&sthat are closer to calcu-
1/T,. It shows that, despite the external application of 4.7 T)ated exponents for the random-exchange Ising mtu.

the 1T, [circles in Fig. 11b)] is more sensitive to the para- the system examined herein, macroscopic magnetic and mi-
magnetic Curie poin,=8.35 K than the inverse magneti- croscopic NMR measurements suggest that the observed sus-

zation datdsolid line in Fig. 11b)]. ceptibility critical exponents are closer to calculated expo-
nents for the random-exchange Ising motéhdicating that
IV. CONCLUSIONS the [ Cu(btaO)}(MeOH)],, material exhibits the characteris-

tic fluctuations of random-field systems at the critical region.

In summary, a complete set of magnetization-temperaturen the near future, NMR experiments at low magnetic fields
field and NMR measurements have been performed in thgre planned in order to explore in detail the slowing down of
molecule-based materigiCu(btaO}(MeOH)],,. The suc-  the spin fluctuations around the critical region.
cessful analysis oM? versusH/M plots in Fig. 5 with a
magnetic equation of statgEq. (4)], which assumes a
random-field ground state for th€u(btaO)(MeOH)],, ma-
terial, can explain the absence of remanent magnetizédion We wish to thank Professor S. Perlepes from University
H=0 Oe from the M-H curves below the observed, of Patras for providing the samples.
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