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Magnetic susceptibility!H NMR and®Cu NMR-NQR experiments on two slightly different species of the
molecular S=1/2 antiferromagnetic (AF) ring Cu8, [Cug(dmp2g(OH)gl-2CHsN (Cu8P and
[ Cug(dmp2g(OH)gl-2CsHsNO, (Cu8N), are presented. The magnetic energy levels are calculated exactly for
an isotropic Heisenberg model Hamiltonian in zero magnetic field. From the magnetic susceptibility measure-
ments we estimate the AF exchange coupling constarf000 K and the resulting gap~ 500 K between the
S;=0 ground state and th&;=1 first excited state. Th&*$%Cu NQR spectra indicate the presence of four
crystallographically inequivalent copper nuclei in each ring. From the combination §fGheNQR spectra
and of the®¥Cu NMR spectra at high magnetic field, we estimate the quadrupole coupling cangtaheach
site and the average asymmetry paramejasf the electric-field gradient tensor. The nuclear spin-lattice
relaxation rat§NSLR) decreases exponentially on decreasing temperature for all nuclei investigated. The gap
parameter extracted froffCu NQR-NSLR is the same as for the susceptibility while a smaller value is
obtained from thé3Cu NMR-NSLR in an external magnetic field of 8.2 T.

[. INTRODUCTION exercise until now, when real systems are available and al-
low for a comparison between experiments and exact theo-
Recently, a great effort was made by molecular chemistryies.

in the building up of metal-ion based magnetic mesoscopic Rings with different number of F#l) S=5/23° Cu(ll)
clusters with a controlled number of magnetic ions and withS= 1287 v(IV) S=1/28 Mn(lll) S=2 (Ref. 9 ions and
exchange coupling constant of different sign and differendifferent exchange coupling constants are available. The
magnitudet Among these systems the high-symmetry onesgomparison between rings with different metal ions is very
the so-called magnetic molecular rings, are particularly suituseful because some ioffer example Féll), S=5/2) have
able to investigate the link between classical and quantura high spin value, which can be modeled as a classical vector
behavior of low-dimensional compounds. If the number ofto be contrasted with the quantuss 1/2 of ions like Cull ).
spins in the ring can be increased in a controlled way théMoreover, rings with the same metal ion but different crys-
systems are an ideal “laboratory” to explore the bridge be-tallographic or magnetic structure have different ground
tween microscopic magnetism and collective effects in macstates depending on the bridges between atoms, which lead
roscopic structures. Due to the finite size, these rings havi different magnetic couplings’*°
well-defined magnetic energy levels and, in the simplest In this paper we focus on two octanuclear(ICuS=1/2
cases, the eigenvalues and the eigenfunctions can be calaings, [ Cug(dmp2g(OH)g]-2CHsN (in short Cu8p and
lated exactly starting from the appropriate model[ Cug(dmp2g(OH)gl-2CsHsNO, (in short Cu8N, in which
Hamiltonian? These calculations have remained an academi€u-Cu antiferromagnetic superexchange coupling leads to a
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total spinS;=0 ground state well separated from the first Magnetometer in the temperature range 2—-260 K,yas
Sr=1 excited state. These two Cu8 rings differ only for the =M/H for H=1000 Oe. Isotherma\l vs H curves(not re-
crystallization solvent and thus have almost identical magported hergwere measured in the Ames Lab by J. E. Osten-
netic and structural properties. However, both systems wergon with a Quantum Design MPMS5 SQUID Magnetometer
investigated here since they seem to have a different amoufi the temperature range 5-300 K. The magnetization mea-
of defects, whereby the Cu8N compound has a lower conterdurements were used to extract the contribution of the para-
of defects than that of Cu8P as will be specified later on. magnetic defects, which dominate the magnetic response at

The °*%Cu NQR signal in the present Cu8 rings was T<100K due to the very small intrinsic susceptibility of the
detected in the same frequency range as’#f&u NQR in  sample at low temperature. The raw data were corrected for
copper-oxide HighF, superconductors, spin chains and the sample-holder contribution and converted to the mole by
ladderst! The presence of four structurally nonequivalent Cuusing molecular weights 1651.6 and 1563.6, for Cu8N and
ions in the ring is confirmed by the presence of four differentCu8P, respectively. Before analyzing the experimental data
8Cu NQR signals. Below room temperature the magnetiave have also subtracted from the raw data the contribution
properties and the spin dynamics are dominated by the verjue to molecular diamagnetism, estimated from Pascal’'s
large energy gap between the singlet ground st&e(Q) constants? The total diamagnetic contribution is found to be
and the first excited triplet stat&S€1). The measurements —718-10"% and —677- 10 emu/mol, for Cu8N and Cu8P,
of magnetic susceptibility and of nuclear spin-lattice relax-respectively. We also corrected the data for the temperature
ation rate give complementary and consistent informatiorindependent paramagnetism, estimated to be
about the value of the magnetic exchange couplirrmd of  60- 10~ ¢ emu/mol of Cu for both compoundé_
the singlet-triplet energy gap.

In Sec. Il we present the experimental methods and the
details of the data analysis. In Secs. lll, IV, and V we present
and analyze the experimental data of susceptibility, static 1. *H NMR
NMR-NQR and spin-lattice relaxation, respectively, while in
Sec. VI we compare the different results and give some CONg;
clusive remarks.

C. NMR-NQR measurements

The proton NMR data on Cu8P were obtained with both a
elar Broadband Spinmaster and by a MID-Continent spec-
trometer at resonance frequencies 7, 14.1, 31, 60, 62
MHz, in the temperature range 4—300 K. We measured the
Il. EXPERIMENTAL DETAILS NMR spectra, the nuclear spin-lattice relaxation rate NSLR
(R;) and the spin-spin relaxation raﬁéz’l. Moreover we
measured the frequencfield) dependence of théH NSLR
Polycrystalline samples  of [ Cug(dmp2g(OH)g]-2py  at room temperature in the range 7—400 MHz. The spectra
(Cu8P and [Cug(dmp2g(OH)g]-2CHsNO, (CuBN) were  were obtained by a direct Fourier Transform of the free in-
synthesized from the polymeric precursfCudmp2],  duction decay. Th&, measurements were performed by us-
(where dmpz is the 3,5-dimethylpyrazolatgHaN,), which ing the solid echo 4/2),—(m/2), sequence. The NSLR
was prepared from [CUCH,CN)4BF, and 3,5 measurements were done by usingm2),,— w/2— w/2 se-
dimethylpyrazole as described previouSyCusP was syn- quence where #/2), is a saturation comb oh=1-10
thesized according to the procedures in the literattifthe  pulses, where the exact number of pulses was chosen in or-
nominal composition of Cug(dmp2g(OH)g]-2CsHsN (i.€,.  der to obtain the best saturation and it varies depending on
Cs6H74CUgN140g), would yield for the content of the differ- the temperature and the resonance frequency of the experi-
ent elements: C, 38.41%; H, 4.74%; N, 16.13%. The actuaent.
content found experimentally for the synthesized compound The recovery laws for the transverse proton magnetization
is: C, 37.90%; H, 4.54%; N, 15.77%. A slightly modified are exponential at all the temperatures and frequencies inves-
synthetic procedure was used for Cu8Ng of[Culdmp2],  tigated, yielding a well defined, value. At temperatures
were suspended in 100 mL of nitrobenzene and the mixture> 200K, the recovery laws of the longitudinal magnetiza-
was stirred and heated to reflux for about two days to give Qion are also exponentia| y|e|d|ng a Sin@[@ value, contrary
dark green-blue solution. The latter was filtered and leftg the lowerT region (T<200K) where the recovery law is
in slow evaporation for a few days, yielding dark blue nonexponentidlsee Fig. 1a)]. The nonexponentiality can be
crystals, which were air-dried and analyzed. The nominahscribed to the lack of a common spin temperature among
composition  for [Cug(dmp2g(OH)g]-2CH:NO, (i.e.,  the 37 non-equivalent protons during the relaxation process.
Cs2H7,CUN14010) gives content: C, 37.81%; H, 4.51%; N, Whenever the recovery was nonexponential we measured the
15.26%. For the synthesized compound it was found experiangent at the origin of the recovery law which gives an
mentally: C, 37.88%; H, 4.48%; N, 15.28%. One crystal wasgverage NSLR, i-e-RlzzlpiTil WhereTil is the NSLR

checked by x-ray diffraction confirming the unit-cell param- of the j-th proton or group of protons ang is the corre-
eters previously reported for CudNa=10.233(5) A, b sponding statistical weigHf.

=27.225(6) A,c=14.524(5) A, B=98.443)°.

A. Samples

2. 36y NMR

B. Magnetic susceptibility The ®3Cu NMR spectraT, and NSLR data were collected
The magnetic susceptibility data for Cu8N and Cu8P wereon Cu8P with a Mid-Continent pulsed NMR FFT spectrom-
obtained with a Meonique Ingeierie MS03 eter in the temperature range 4.2—80 KHat 4.7,8.2 T. The
superconducting-quantum interference devi¢8QUID) NMR signal is lost forT>80K, due to the very short,
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FIG. 1. Examples of semilog plots of the recovery of the longi-
tudinal nuclear magnet!zatioq vs timé&) proton NMR s.ignal !n FIG. 2. () %3Cu NMR spectra in CusP compound at high field,
Cu8P; (b) *Cu NQR signal in Cu8N;(c) ®*Cu NQR signal in  _g 5T, The wo singularities typical of a NMR spectrum with
CusN. second-order quadrupole interactions are well resolved in the lower
T spectra(b) The separation between the two singularities shown in

value. The spectra were mapped by plotting the solid ech art (a) of the figure, i.e.»— v, , is plotted as a function of

amplitude as a function of the transmitter frequencies sinc here v, is the Larmor resonance frequency. The full line corre-

the spectral fr_equency width of the irradiating radio f_re- sponds to the region where the quadrupole interaction is dominant.
quency pulse is much narrower than the total NMR linethe gashed line is an extrapolation with arbitrary values of the

width. Typical 7/2 pulse length ranged from 4.5 t0 ZS  magnetic shift parameters, which show the qualitative behavior ex-
depending on the experimental conditioftemperature, at- pected at high magnetic field.

tenuation of RF power, etcThe measured spectra showed

essentially the same features at 4.7 and 8.2 T. inlv d h d . f d-ord
83Cu NMR T, was measured with a/2— = sequence. mainly due to the powder pattern in presence of second-order

The recovery of the transverse nuclear magnetization Cou|auadrupole interactions, measurements at different pqsitions
be fitted by the sum of an exponential function plus a gauss! the spectrum correspond to measurements at different
ian component whereby the latter becomes comparable to trngles of the external field with respect to the electric field
exponential component below 50 K. The temperature deperfradient principal axis. Thus the angular dependence of the
dence of the transverse relaxation rate measured at differeDNtSLR must be small consistently with a weak anisotropic
points in the spectrum was found to be different. Thus theyperfine interactiortas discussed in Sec. JVThe only ex-
relative intensity of the spectra at different temperafisee  Planation left for the apparently stretched exponential behav-
Fig. 2(a)] cannot be compared without proper normalization.ior is thus the fact that the recovery curve is the superposi-
The NSLR of ®3Cu NMR were measured at the high- tion of four different recovery curves due to the four
frequency maximum of the spectrum with ar/@),— /2 nonquivalent Cu sitgs eaqh of which has an intrinsic nonex-
— /2 saturating sequence. The recovery curves of the lonPonential recovery since it refers to a central line (2/2
gitudinal magnetization could always be fitted by a stretched™ 1/2) transition in presence of strong quadrupole effetts.
exponential function,A-exd —(t/T,)?], with temperature-
independeniB=0.43. The value of3 is independent of the 3. 635y NOR
number of pulses in the saturation sequence, ruling out the '
possibility of spectral diffusion. The recovery curves were The ®®Cu NQR spectraT, and NSLR data on Cu8P and
only weakly dependent on the position in the spectrumCu8N were obtained by a BRUKER MSL200 spectrometer,
Since the spread of the NMR spectrsee Fig. 2a)] is  in the temperature range 4-95 K. For>95K the ®3Cu
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FIG. 4. Magnetic susceptibility data as a function of temperature
for Cu8P and Cu8N compounds, reported @B vs T, with yx
=M/H in an applied fieldH=0.1T. The solid lines represent the
best fits of the data obtained by using Efj) (see text The data
plotted in figure have been already corrected for the sample holder
contribution, the molecular diamagnetism and the temperature inde-
pendent paramagnetisfeee text

Intensity (a.u.)

both compounds, the value at room temperature and
FIG. 3. (a) %3Cu NQR spectra of Cu8N at two different tempera- P &t P

tures obtained by the echo envelope technique. One can note thta)l?low is very small when compared to the paramagnetic

. _ . 1
the shape of the spectrum remains the same at each tempeflature. value of e_'ght uncouples— 1/2_sp|ns_(3 gmg K'mol = with
63cu NQR spectrum of CusN &t=27 K; the solid line represents 9=2)- This small value is by itself indicative of strong an-

the best fit obtained by the sum of five different “double” lines tiferromagnetic exchange interactions between the copper
(from 8Cu and®Cu isotopes contribution Four of these lines are  (Il) ions, leading to a nonmagnetg =0 ground state with a
due to the four nonequivalent Cu ions and the fifth one is due to théarge energy gap separating it from the excited magnetic
“defects” containing copper iongsee text states. At low temperature theT values do not go to zero,
but level to a plateau corresponding to 0.2 emu K mdbr
NQR signal cannot be measured becalisebecomes too Cu8N and to 0.5 emu K mol for Cu8P. This can be con-
short. sidered to be an evidence for the presence of paramagnetic
The NQR spectra, which are broader than the spectrampurities, as often observed in the magnetism of antiferro-
frequency width of the irradiating radio frequency pulse,magnetic clusters. It should be remarked that the small in-
were obtained by plotting the echo amplitude as a function ofrinsic paramagnetic susceptibility combined with a rela-
the transmitter frequency. tively large number of paramagnetic defects in the samples
The ®*Cu NQR NSLR was measured by a/@),— /2  reduces drastically the precision of the data which follow. In
— a saturating sequence by tuning the transmitter frequencyrder to analyze the experimental data one has first to calcu-
at two different values of the resonance spectrurt19.9  |ate the magnetic energy levels for a model Heisenberg
andv =20.6[see Fig. 3 The recovery curve of the longitu- hamiltonianH=3,JS - S; in terms of the exchange coupling
dinal magnetization is nonexponentifgee Fig. 1) for 3 This can be done by numerical diagonalization of the
Cu8N sampl¢ while one would expe(it7 an exponential law 58y 28_ o56x 256 matrix, by using the method of Irreduc-
for the NQR case Of. nuplear SpiR-3/2. W? speculate that e Tensor Operator® The energies of exchange multip-
the nonexponentlallty IS dug to the partial oyerlap of theIets,E(Si), obtained by assuming a unique coupling constant
d|ffer_ent NQR. lines originating from the four inequivalent J along the ring, are presented in Fig. 5 where the multiplets
Cu sites as discussed in Sec. IV. are classified according to the total spin. It must be remarked
that the exact solution of the exchange Hamiltonian for eight
S=1/2 spins ring was published a long time &gbhe E/J
values obtained by Orbathare in agreement with our re-
The xT-vs-T curves for Cu8N and Cu8P are shown in sults.
Fig. 4. Measurements above room temperature could not be Once the energy levels are known, the susceptibility data
performed because the sample degradesToi320K. In  can be fit by the expression:

IIl. MAGNETIC SUSCEPTIBILITY
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— S.=1 5193) K for the two compounds, respectively. Since the
1 — s.-0 i measurements refer to a temperature range in which the sus-
= ceptibility is small as a consequence of the large energy gap,
-6 7] the value ofJ obtained by the fit of the susceptibility may
J have a systematic error due to the corrections applied to the
raw data and not included in the statistical error given above.
-7 i ! ! ' i ! I
0 2 4 6 8 10 IV. NMR AND NQR SPECTRA
2ST+1 A. Proton NMR

FIG. 5. Calculated theoretical values of the energy levels, re- The structure of the Cu8 molecular ring in Cu8N is shown
ported af E(Sy)/J-2], for each B;+1 value in Cu8 wher&ris  in Fig. 6% Thirty-two nonequivalent hydrogen atoms, not
the total spin. The gap between the singlet3r=0) ground state  shown in the figure, are attached to the oxygen and carbon

and the first triplet $r=1) excited state ia ~500 K. atoms of the octacoppéh) ring. The resulting proton NMR
line is a single symmetric line, which consists of the super-
NAgz,ué position of the NMR signal from the total 37 nonequivalent
XT= 3—kB protons. The line width is independent of the applied mag-

netic field indicating the absence of any magnetic inhomoge-
2iS(§+1)(25+1)exd —E(S)/kgT] neous broadening. On the other hand a measurable tempera-

X|(1=a) >.(2S+1)exd —E(S)/KgT] ture dependence can be observed in the range 300-100 K
(see Fig. 7. The low-temperature limit of the linewidtfn.e.,
N MW 1 1) ~40 KHz) can be ascribed entirely to nuclear dipole-dipole
“« MWimp‘Q’imp(simp )| interaction among protons in the molecule. The partial line

] ] - _ narrowing from 40 KHz down to 10 KHz on increasiigs
where « is the amount of impurities assumed to have spinjikely to be due to the onset of molecular reorientational
Smp=1/2, g is the Lande’ factor angig is the Bohr magne-  motion of the proton groups when the correlation times be-
ton. The second term in brackets models the contribution ofyme faster than the inverse of the dipolar linewidth, ie.,
the paramagnetic impurities. For the sake of simplicity only__5 5w 105 sec.
one type of impurity has been considered. Thfactor and
the ratioMW/MW,,, between the molecular weight of Cu8
and that of the impurity were fixed at 2.13 and 1.00, respec-
tively, while & andJ were treated as adjustable parameters. The %3Cu and®Cu NQR signals were detected in zero
In order to minimize the uncertainties arising from the low- external magnetic field in one of the two samplg=.,
temperature behavior, which is dominated by the impurityCu8N). The spectra recorded at different temperatures show
contribution, we restricted our analysis to the temperatureo significant differencésee Fig. 8a)]. Since both®*Cu and
range 16<T<260K. The solid lines in Fig. 4 provide the 5°Cu isotopes havé=3/2, only two NQR lines should be
best fit to the experimental data withkg=930(1) K and  present with intensity ratiol (®3*Cu)/I (®°Cu)=2.235 and
994(4) K for Cu8N and Cu8P, respectively. The impurity resonance frequency ratio (®*Cu)/v(°®Cu)=1.082. The
content was found to be=0.0505(13) and 0.118), re- complexity of the NQR spectrum observed in our sample
spectively. Since the gap between the singlet ground statedicates the presence of more than one Cu site in structur-
and the triplet excited state &= 0.523) (see Ref. 19 where ally inequivalent positions. From the inspection of the crystal
Jis defined as half of ouf), one has\/kz=485.9(6) K and  structuré (see Fig. 6 one can distinguish four different Cu

B. %Cu NMR and NQR
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possibility that a sizeable amount of the precursor remains in
the final powder samples. However, no NQR signal was ob-
servable in large amounts of[Cu(dmp?], and

'H NMR Cu8P W 60 MHz Cug(CH4CN),BP, precursors in the whole frequency range
8 ?l 'mf_h ] 15.5-21 MHz(with particular attention to the frequency of
® 7MHz the fifth peak at 20.05 MHz ruling out this possibility. It is
50 _ likely that the fifth NQR line arises from a large number of

“broken rings,” some of them giving rise to paramagnetic
centers, which are detected as paramagnetic impurities in
susceptibility measurements. A confirmation of this scenario
i comes from the NQR spectra of the other sample investi-
gated herdCu8P. The NQR spectrum in Cu8P has broader
and less-resolved NQR lines indicating a larger content of
“broken rings”” and/or other impurities, as already seen from
E i susceptibility results.

% We turn now to the problem of determining the two compo-

)

FWHM (KHz)

. nentSUg and » of the quadrupole coupling tensor where
vo=3e°qQ/2hI(21-1) is the quadrupole coupling fre-

. quency andy= (V,x—Vyy)/V;, is the asymmetry parameter

of the electric field gradient tenswf; .>° A NQR experiment

1 in zero magnetic field is not sufficient to determine the two

quantities separately since the resonance frequemRcyn

10 ~ = Table | forl=3/2 is given by°

20 4

a

vr=vo(1+1/37%)"2 2

Thus measurements in an external magnetic field are neces-
0 o " 5'0 " 1(')0 " 1é0 ! 260 ' 2;30 ' 360 sary. The NMR spectrum in a powder sample in presence of
second-order quadrupole perturbation andlfer3/2 should
T(K) display two singularities whose separation depends upon
bothvq and 7 as follows?*

FIG. 7. Full width at half maximun{FWHM) of the *H NMR
spectra of Cu8P as a function of the temperature at different fre- 302

1%
guencies of investigation. vy—v =[161—7)+8(1— 7%)] ﬁ (n>1/3),
0
sites in the molecule with slightly different local environ- (39
ment. However, four different NQR lines are not sufficient to 32
fit the observed spectrum. It is necessary to introduce at least y,—v, =[16(1— 7)+(3— 7%)] Q (n<1/3),
a fifth component in the fit. The best fit obtained using five 1440 (3b)

NQR lines for each isotope is shown in FigbB The lines
are assumed to have Lorentzian shape all with the same fullhere v, is the Larmor frequency an#i,L stand for the
width at half maximum(FWHM), i.e., Av~0.24MHz. The  high-frequency and low-frequency singularities respectively.
intensities of four peaks are essentially the same while th&ypical NMR spectra for3Cu in high magnetic field are
fifth peak is higher. The NQR resonance frequencies obshown in Fig. 2a) for the CugP sample. One can observe the
tained from the fit are summarized in Table I. The origin of two maxima corresponding to the singularities although con-
the fifth NQR signal is not presently understood. If we as-siderable broadening is present due partly to the effect of the
sume that the four equal peaks correspond to the four crysmpurities and partly to the presence of the four different
tallographically different sites, then the fifth peak must cor-quadrupole coupling constarsee Table)l corresponding to
respond to undesired compounds. We explored théhe nonequivalent Cu sites. The measured separation be-
tween the two singularities, i.eay—v |, plotted in Fig. Zb)
TABLE I. Values of the quadrupole coupling frequencigsfor  as a function ob, *, yields a slope in the low fieldow v )
**Cu obtained from the resonance frequencig®f the NQR spec-  |inear region of 138 MHz'. From this value and the average
trum (Fig. 3_) and using an average value=0.1 for the asymmetry NQR frequency from the data in Table | and using E2).
parameter in Eq(2). and Eq.(3b) one obtains an average,=19.5MHz and an
averagen=0.1. The small value ofy is consistent with a

vr (MH2) vo (MH2) small departure from axial simmetry of the local Cu crystal
Impurities 20.05 20.08 environmenf At high magnetic fieldi.e., highv,) the con-
1st Cu8 peak 20.6 20.63 tribution of anisotropic magnetic shiftvhich contains terms
2nd Cu8 peak 19.7 19.73 directly proportional tov, and tOUS)21 is expected to be-
3rd Cu8 peak 18.4 18.43 come dominant thus making the splitting — v, to turn up-
4th Cu8 peak 17.3 17.33 ward for 16,—0 (see dashed line in Fig.(®)). From our

data one can estimate an upper limit for the isotropic mag-
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netic shift K;so=1%) and for the anisotropic magnetic shift 08— T T T T 1
(Ka=<0.1%). With such small values, the magnetic field at A 1
which the magnetic shifts start to be detectable in the broad 0.16 k- -
NMR powder spectrum is above 10 T, thus outside the reach 012 .
of our experimental setup. It is noted thaj, is unusually I o ' o” E |
small for the Cu-O anisotropic bond although it is consistent 0.14 |- Eo08 - E'. E
with the weak dependence dTl‘l on the position in the L=
0.04
spectrum(see Sec. )l 042 - § . o o -
0.00
V. NUCLEAR SPIN-LATTICE RELAXATION RATE 010 L 0o e © .
Y v, (MH2) o A. - »
A. Proton relaxation "o -
[
The nuclear spin-lattice relaxation in Cu8 below room g 0.08 = .
temperature has specific features due to the large energy ga|— ! CA
separating the singlet ground st&g=0 from the first ex- o 0.06 L 0 7 MHz i
cited stateS;=1 (see Sec. Ill. In order to analyze the data ' ; ;‘1‘ m:z
we can refer to the theoretical expressions for the NSLR, I pan B 60 MHz 1
which are commonly used in discussing the nuclear relax- 0.04 A 62MHz N
ation in magnetic systent&:? Thus we write: i 8 1
2 0.02 - u ; -
ve [+ . n Cu8P H NMR
R1=7J (h=(t)h_(0))e'“t'dt - g 1
o 0.00 | .
72 P | 2 1 ! 1 L 1 L 1 L 1 L |
=m% |Agl*Saa(q @1), (4 0 50 100 150 200 250 300

Temperature (K)

where we have assumed that the local transverse hyperfine

field at the nuclear site is related to the local spin vaiye, FIG. 8. Proton NMR average nuclear spin lattice relaxation rate

: L N A R, of Cu8P as a function of temperature at different frequencies of
of the C& magnetic ions(t) =X,;A;S(t). Furthermore, by investigation. In the inset a semilog plot of the proton relaxation

introducing theq components of the spln variable; can rate in Cu8P as a function of resonance frequency at room tempera-
be expressed in terms of the dynamical structure factoy

. ure is shown.

Sye(Q, ) at the Larmor frequency, (with «=x,y,z com-
ponent$. We consider for simplicity isotropic spin fluctua- 2
tions, i.e.,Sx=S,y=S,,and|A,|? is the form factor describ-
ing the hyperfine coupling of the spin excitations at wave
vectorq with the nuclei.

Due to the finite size of the ring th&;= 1 triplet excita- %
tions are characterized by only eight allowed wave vectors
well separated in energy withk=27N/8a, with
N=0,+21,+2,+34 and a=Cu-Cu nearest-neighbor
distance'® The dynamical structure factor associated to thes
excitations can be expressed in terms of matrix element

e AlkgT

Y
Ri= on [Aa-ol e armer
2

o 50), (®

k=2~ M k== M
_ai S| _aY S

where we use the limib, — 0 in the Delta function. Expres-
ion (6) can also be written in terms of the uniform suscep-
ibility by using the fluctuation-dissipation theorem as:

connecting different states with;=1: )2
Ry = mIquolszTX(FO)é(O)- %
W)= k+q,Mg/S7k,Mg)|?
SAG o) k,%/ls (k0. M| Srq s Thus one concludes that according to E(®. and (7) the
—E /KT NSLR should decrease exponentially at IGwyielding the
X 8(Eqpq— Ex— o) (5) same gap parametédr as obtained from susceptibility mea-
d z surements.

The proton spin-lattice relaxation ra(BlSLR) measured
whereZ is the partition function ants= 1,0 are the mag- as a function of temperature at different resonance frequen-
netic quantum numbers f&@= 1. Since for a finite-size sys- cies is shown in Fig. 8. The strong magnetic fiélé., reso-
tem the excitations are well separated in energy compared teance frequengydependence at room temperature, which
the nuclear Zeeman enerdgyw, only terms withq=0 and persists down to 100 K and below is difficult to explain. In a
q= 2k satisfy energy conservation. Furthermore, at temperaprevious repoft we have ascribed the room temperature
tures T<A/kg where A is the energy separation from the field dependencésee inset in Fig. Bto the slow decay at
S;=0 ground state and the first excitations wh=1 at long time of the Cu spin autocorrelation function due to the
g=m/a only thegq=0 are effective and one can approxi- isotropic Heisenberg interaction in a finite size system with
mate: weak correlations.
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10— T : the magnetic relaxation mechanism associated with the fluc-
F ] tuations of the Cu spins. The contribution due to molecular

® “CuNVR ] motion is completely negligible thus making the interpreta-

o “CuNQR19.9MHz | J tion of the data less ambiguous than for the proton relax-

v_"CuNQR206MHz | ] ation. Both the NMR and NQR NSLR display an almost

exponential drop on increasingover two order of magni-

] tude or more(see Fig. 9 reflecting the condensation of the

4 Cu spin system into it§=0 ground state.

The full line in Fig. 9 corresponds to the temperature
y behavior of Ry predicted from Eq.(6) with a gap A

P oo 5o =500K. Thus the NQR relaxation data yield a value of the

gapA in good agreement with the one derived from suscep-

‘. tibility data (see Sec. I)l. On the other hand, the NMR re-
; ﬁ ] laxation data yield a somewhat smaller slope, corresponding
. . to an effective gap value of about 350 K. The origin of this
discrepancy is still unclear. It is noted that E§) was de-
: rived by neglecting the possible broadening of the triplet-
a0 60 80 state excitations due to lifetime effects and/or to intermo-
lecular interactions. By including these effects the Delta
function 50) in Eq. (6) and(7) should be replaced by e.g., a
FIG. 9. Average nuclear spin-lattice relaxation rieas a func-  LOréntzian functionF (w ) whose widthI" could be tem-
tion of 10007, for both the®3Cu NMR and the®Cu NQR. The Perature and/or field dependent. Finally, at very low tem-
NMR NSLR data were taken in an external fi¢ld=8.2 T atone of ~ Peratures the NMR relaxation data seem to level-off to a
the two peaks in the spectruny (=93.375 MHz). The NQR data T-independent value. This could be simply the effect of the
were taken by irradiating the spectrufig. 3 at two different ~presence of “impurities” in the sample which give a
resonance frequencies. The full line corresponds to the fitting equal-independent background nuclear relaxation.
tion 1/T;=A exp(—AlkgT)/[1+3 expAlkgT)] with A=0.6sec?

and A/kg=500K for NQR, dotted line withA=0.45 sec! and
Alks=350K for NMR. VI. SUMMARY AND CONCLUSIONS

1000/T (K")

Two slightly different species of the octanuclear (ITu

Another possibility to explain the magnetic field depen-S=1/2 ring Cu8 have been characterized. The susceptibility
dence could be the presence of a sizeable contribution to thgata are consistent with a model of Heisenberg spins coupled
proton NSLR due to the modulation of the nuclear dipolarpy nearest-neighbor exchange interaction. The valug of
interaction generated by the molecular reorientation of the=950+50K is the same for both type of rings within ex-
proton groups. The order of magnitude of such a contributiorperimental uncertainty and the ground state is a singlet with
can be estimated to be T/~ (|Aw|?)7/1+ w§r®,*° where  total spinS;=0 separated from the triplet excited state by a
wo=2mv, is the Larmor frequency andis the correlation gap A/kg=0.523 J=500K. The exchange interaction is
time of the molecular motion. Assuming fdtAw|?) the likely to be dominated by the hydroxo bridge, although cou-
square of the low-temperature linewidteee Fig. 7, i.e.,  pling constants in pyrazolato-bridged dicoperunits can
(27-40KH2)? and for 7 the value wgl for which 1T, reach up to 350 K4 In particular, the magnitude dfin Cu8
would have a maximum, one has ai=~1T 1/T, is close to that observed in copgé)y dimer containing a
~100sec!. Although the order of magnitude is indeed phtalazine- and a hydroxo-bridge with a similar Cu-O-Cu
comparable to the experimental NSl(&ee Fig. 8 the tem-  angle(~1159.2°
perature dependence does not display the well-defined maxi- It is interesting to compare the value of the constant
mum, which is expected when the temperature dependembtained for Cu8 with those of other systems where two Cu
correlation timer for molecular motions reaches the condi- ions are linked by bridges containing oxygen atoms. The
tion wo7~1.2° At temperatures below 200 K the NSLR de- data are reported in Table II. In all the copper-oxide com-
creases exponentiallisee Fig. 8 as predicted by Eq(6) pounds(CuO, spin ladders, highi;. superconductojghe Cu
although the field dependence observed in the experiment&ins are linked by an oxygen bridgexo bridge and the AF
data cannot be explained by rederiving BE).or (7) in pres-  exchange constadtincreases by increasing the angleCu-
ence of a magnetic field since the latter is a negligible perO-Cu. In the Cu8 spin ring investigated here, the large value
turbation with respect to the large energy gaplt is likely  of J for the relatively small angle of the Cu-O-Cu bond does
that both the contributions due to molecular motion and thenot correlate well with the above copper-oxide systems. Also
one due to the magnetic interaction withCispins are rel- the weak anisotropic shif 5, discussed in Sec. IV, which
evant atT>100 K making their independent determination indicates a nearly isotropic magnetic hyperfine coupling ten-
uncertain. sor is at odd with the large anisotropy of the on-site hyper-
fine interaction in highF. superconductors. This is not un-
expected, since it is known that the superexchange
mechanism and the hyperfine interaction depend on fine fea-

The NSLR for the®3Cu nucleus are plotted in Fig. 9 as a tures of the relative orientation of the magnetic orbitals.
function of temperature. Th&Cu NSLR is dominated by The present results show how molecular compounds can be

B. %3Cu relaxation
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TABLE II. Values of the antiferromagnetic exchange coupling ues of the gap. A similar situation is found in gapped one-
constantl/kg for an HamiltonianH=3,;;JS- S, in copper oxides  dimensional AF chains and ladd&tsalthough one can
and Cu8 originating from Cu-Cu interactions. These interactionshardly invoke the same explanation in the present finite size
occur via different bridges characterized by the Cu-O-Cu angleqf.ing_ From the®*Cu NQR spectrum we found confirmation
reported. for the presence of four structurally nonequivalent Cu ions
with slightly nonaxial local symmetry as indicated by the
small but nonzero value of the asymmetry parametef the

Cu-O-Cu angle exchange constadtkg

Compound (degrees (kelvin) nuclear quadrupole coupling tensor. The quadrupole cou-
CuO 145° 460 pling constantvq is found to be around 20 MHz, a value
SKLCuOCl, 180° 1500 consistent with what is found in many Cu oxide magnetic
S11,Cy Oy (Cul) 94° 120 system$' indicating that the dominant source of electric field
CcuGeQ 100° 100 gradient originates from the Cu-O covalent bond.
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