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Abstract

We present a '"H NMR investigation of spin dynamics in two finite integer spin
molecular nanomagnetic rings, namely V,Zn and V;Ni. This study could be put in
correlation with the problem of Haldane gap in infinite integer spin chains. While
V,Zn is an approximation of a homometallic broken chain due to the presence of
s=0 Zn>* ion uncoupled from nearest neighbor V>* s=1 ions, the V,Ni compound
constitutes an example of a closed periodical s=1 heterometallic chain. From pre-
liminary susceptibility measurements on single crystals and data analysis, the
exchange coupling constant J/kg results in the order of few kelvin. At room tempera-
ture, the frequency behavior of the "H NMR spin-lattice relaxation rate 1/T, allowed
to conclude that the spin—spin correlation function is similar to the one observed in
semi-integer spin molecules, but with a smaller cutoff frequency. Thus, the high-T
data can be interpreted in terms of, e.g., a Heisenberg model including spin diffu-
sion. On the other hand, the behavior of 1/T} vs temperature at different constant
fields reveals a clear peak at temperature of the order of J/ky, qualitatively in agree-
ment with the well-known Bloembergen—Purcell-Pound model and with previous
results on semi-integer molecular spin systems. Consequently, one can suggest that
for a small number N of interacting s=1 ions (N=28), the Haldane conjecture does
not play a key role on spin dynamics, and the investigated rings still keep the quan-
tum nature imposed mainly by the low number of magnetic centers, with no clear
topological effect due to integer spins.

1 Introduction
The ground state of an infinite antiferromagnetic (AFM) spin 1D chain is gapless

for the case of semi-integer spins [1]. On the other hand for integer spins, the AFM
ground state of an infinite chain is separated by a finite gap from the first excited
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state (Haldane prediction) [2]. This is an important result both for the general stand-
point of topological effects in statistical mechanics and for the specific applications
to magnetism. On the other hand, in the last decades, chemists and physicists have
developed the field of single molecule magnets (SMM) [1] that represent ideal mod-
els to study magnetism on a limited and controlled finite number of spins, mainly in
zero and one dimension. Their investigation has led to the discovery of new funda-
mental physics phenomena, at the border between quantum and classical framework,
e.g., quantum tunneling [1, 3-7] and coherence, quantized transport and quantum
information processing (QIP), but also possible applications in the fields of data
storage and quantum computation [1] (for quantum computation/information, see
e.g., Refs. [8, 9]); for data storage see, e.g., Refs. [10, 11]).

A particular class of molecular nanomagnets (MNMs) is represented by magnetic
molecular rings composed of magnetic ions coupled by strong antiferromagnetic
(super-) exchange interactions and placed on an almost coplanar circular arrange-
ment. For the semi-integer spin “ring” systems (that can be thought as a closed peri-
odic chain), the low temperature energy levels’ scheme is approximately described
by the Lande formula E(S)=(P/2)S(S+ 1), where P=4 J/N. The presence of a finite
number of spins implies a discrete energy levels’ structure that follows such for-
mula, and thus a gap between the ground state and the first excited state, leading to
a gapless ground state in the limit of N going to infinite. In the case of an integer
spin ring, i.e., a system formed by a finite number of integer spins, there is again
a discrete levels’ structure and a gap between the ground state and the first excited
state. However, in this case by increasing the number of spins, one should find a sig-
nificant deviation from Lande’s rule signaling the approach to the infinite spin chain,
where the Haldane gap is present. It seems thus of interest to initiate a systematic
investigation of integer spin rings to find out if one can see a possible different
behavior in the magnetic properties and the spin dynamics between the integer spin
and the semi-integer spin systems, even in the case of a finite number of magnetic
ions in the ring (or chain). It should be further noted that future investigations could
regard systems, other than those studied here, where the ring (or finite size chain)
length, number of ions and parity (odd or even), topology (open or closed) and kind
of ions (heterometallic or homometallic compounds) are changed.

Recently, two different integer-spin AFM rings with general formula
[{(CH;),NH,}V,MFg(O,C'Bu),,]-2C,;Hg, M=Ni and Zn have been synthesized.
In Ref. [12] the synthesis and structural characterization of the two compounds are
reported. It is worth noting that, unfortunately, it was not possible to have a stable Vg
ring due to undesired oxidation, and thus a direct comparison of homometallic semi-
integer and integer spin systems is not currently possible. V;Ni is characterized by
a total spin S;=0 in the ground state, resulting from nearest-neighbor AFM interac-
tions between V>* (s=1) ions and the substituting ion Ni** (s=1). In the case of
V,Zn, as the substituting ion is Zn** (s=0), no magnetic interaction occurs between
V2* and Zn?*, resulting in an uncompensated total S=1 ground state. Consequently,
V,Ni is a heterometallic “closed” ring and V,;Zn can be considered a “broken” ring
which mimics a short segment of seven integer spins. Both rings appear suitable
to investigate the spin dynamics in integer spin rings, to be compared to the one in
semi-integer spins.
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Fig.1 a V,Ni and b V;Zn molecular rings. Hydrogen atoms, dimethyl ammonium cation, and solvent
toluene molecules are omitted for clarity
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Fig.2 yT as a function of temperature for external magnetic field H | ¢ (with ¢ the axis perpendicular
to the plane of the ring), at field values y,{=0.1, and 0.5 T, for a V,Zn and b V;Ni single crystals. The
dashed lines correspond to the high-temperature effective Curie constant limit

A sketch of the V;Zn and V;Ni ring structure is shown in Fig. 1.

In Fig. 2, we report the experimental molar magnetic susceptibility y multiplied
by temperature as a function of temperature, measured at two different magnetic
fields puyH=0.1 and 0.5 T, applied perpendicularly to the ¢ molecular axis which
lies normal to the plane of the rings. The yT product in both rings approaches at high
temperature the value expected for a simple paramagnet composed of independent
moments pertaining to the single V>* magnetic ions. At low temperature, the drop
of the effective Curie constant yT corresponds to the gradual depopulation of the
excited states toward the ground state energy level. A complete presentation of the
magnetic properties and the fits of the magnetization curves will be published sepa-
rately (F. Adelnia et al., unpubl.).

In this paper, we present and discuss only the results of 'H nuclear magnetic
resonance and relaxation in the V;Ni and V,Zn rings. A large body of literature
describing the spin dynamics obtained by NMR in magnetic molecules [13, 14] and
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in particular in the semi-integer spin ring systems exists [15-20]. In contrast, the
importance of spin dynamics in integer spin ring systems has not been well recog-
nized by the NMR community, and no paper, to our knowledge, has been published.
Here, we report the first 'H NMR investigation of integer spin Vanadium-based
rings, and use the results of semi-integer spin systems as a point of comparison. We
present the proton NMR results, separating the presentation of the room temperature
results (Sect. 3) from the results at low temperature (Sect. 4). Section 2 contains
a brief discussion of the experimental setup and Sect. 5 the summary and conclu-
sions. It will be shown that the nuclear spin-lattice relaxation rate 1/7) displays a
room temperature behavior vs. frequency (i.e., field) well interpretable in terms of
a Heisenberg model of spin diffusion and/or a finite size model of periodical spin
chains (rings). The same quantity studied as a function of temperature at fixed mag-
netic field is characterized by a peak occurring at temperatures of the order of the
exchange coupling constant J/kz. Thus, the slowing down of the relaxation dynam-
ics results similar to system rings constituted of semi-integer spins.

2 Experimental Details

"H NMR measurements were performed on single crystals as a function of tempera-
ture (1.6 <7<300 K) at different magnetic fields yyH=0.5,1.5,~3 and~6 T, and as
a function of magnetic field (0.3 <y H <9 T) at room temperature, for H1c. To con-
trol the temperature, we used two different cryostats: a dynamic/static continuous
flow cryostat for the temperature range from room temperature down to 4.2 K, and
a bath cryostat from 4.2 to 1.6 K. To set the value of magnetic field that was needed
in NMR measurements, two different setups were used: an electromagnet for the
lower magnetic field range (0.3<u,H<1.7 T), and a superconducting-magnet for
the higher range (2 <u,H <9 T). '"H NMR measurements, including 1/7;, 1/T, and
NMR spectra, were obtained by using a standard TecMag Fourier transform pulse
NMR spectrometer.

The value of the nuclear spin-lattice relaxation rate (NSLR), 1/T;, was deter-
mined by monitoring the recovery of the longitudinal nuclear magnetization meas-
ured by means of a reading [#/2], — A — [ﬂ/2]y pulse sequence that follows a satura-
tion comb of [#/2] radiofrequency (rf) pulses, A being a very short separation time
interval. The length of the rf comb was adjusted to ensure the best initial saturation
condition at the different temperatures and resonance frequencies. Every recovery
curve was then obtained by measuring the spin echoes at progressively longer delay
times between the comb and the [#/2], — [a/2], reading sequence. It is worth noting
that the spin echo signal is the response of the whole set of protons of the irradiated
line after a certain delay time and each 1/7; data point at fixed temperature/field is
extracted from one recovery curve.

Transverse relaxation measurements, 1/7,, were performed mainly by using a
[#/2], — 7 — [#/2], solid-spin-echo pulse sequence. The decay curves were acquired
by measuring the echo signal at progressively longer = delay time. In essence, a
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curve of M, () gives the irreversible decay of the transverse nuclear magnetization
in the x—y plane.

In the case of 'H NMR spectra, different strategies were employed. For the high
and intermediate temperature regions where the whole NMR line could be excited
by a single rf pulse, the proton NMR spectra were simply obtained from the Fou-
rier transform of half of the echo signal. On the other hand, in the low temperature
region, the whole NMR line could not be irradiated by means of only a single rf
pulse and thus a field-sweep method was adopted to collect the whole spectra. In
this latter technique, the radio frequency is kept fixed, while the applied magnetic
field is swept over a selected range around the resonance Larmor field of the bare
nucleus. The experimental point of the spectrum is given, at any field value, by the
integral of the acquired spin—echo signal. Still at low termperature, in some cases we
employed the frequency-sweep technique alternative to the magnetic field sweep. In
this method, the magnetic field is kept fixed while the frequency is manually swept
over a selected range around the Larmor frequency. The echo signal is then acquired
after tuning and matching at the desired frequency. Finally, by plotting all the NMR
data points obtained from the Fourier transform of each echo signal (corresponding
to different frequencies), one can obtain the complete spectrum.

One should take into account that the experimental results are undoubtedly
affected by several different errors mainly due to electronic noise, signal integration,
and the evaluation of the signal intensity at infinite delay time in 7; measurements
(i.e., the measure of the equilibrium nuclear magnetization). Since the statistical
study of the experimental error is unfeasible, we have used an average estimated
experimental uncertainty for all data points of +5%.

3 Room Temperature NMR Results and Discussion

The aim of the present high-temperature (7~300 K) work is to study the spin
dynamics of the AFM rings V,Ni and V,Zn, by determining the behavior of the
spectral density S(w) of the electronic spin fluctuations, to see if there is a detect-
able difference in the behavior of the “quantum” integer spin ring with respect to
the (s>3/2) semi-integer spin rings. The quantity S(w) is the Fourier transform of
the electronic spin—spin correlation function and its curve vs frequency w represents
the “renormalized” number of electronic spins fluctuating at different frequencies,
and thus the so-called spin dynamics. One of the most direct experimental measure-
ments of S(w) comes from the NSLR data. In fact, the nuclei couple to the magnetic
electrons by means of the hyperfine interaction and are thus sensitive to the fluctua-
tions of the electron spins. Since in the weak collision approach the NSLR is propor-
tional to the spectral density at the Larmor frequency S(w,) [21, 22], one can probe
directly the low-frequency behavior of the spectral density by performing NSLR
measurements as a function of applied magnetic field (i.e., resonance frequency ;).

As said above, the NSLR was measured as a function of magnetic field at room
temperature on a single crystal, for Hlc. At this temperature, the nuclear mag-
netization recovery curves showed a single exponential behavior and therefore
T, values were simply extracted by fitting the recovery with a single exponential
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function. The experimental results are shown in Fig. 3. Data were analyzed on the
basis of two spin dynamics models mentioned later on.

Both models start from a classical approximation. In fact, since T=300 K is
much larger than the AFM exchange interaction of the spins in the rings, one can
use a classical approximation to calculate the spin dynamics. For an infinite AFM
isotropic Heisenberg chain, several theoretical and numerical calculations have
demonstrated that at long times there is a persistence of the spin—spin correlation
function (CF) due to the conservation of the total spin value, whereby the slow
decay of the CF in 1D can be described by a spin diffusion process [23-26]. As a
consequence, the Fourier transform (FT) of the CF (i.e., the spectral density S(w)
of the electronic spin fluctuations) displays an enhancement at low frequency
(long times). The first experimental confirmation of spin diffusion was done in
a Heisemberg AFM spin chain containing Mn ions [27, 28]. It should be further
noted that in a spin ring or a short spin segment the CF, after an initial fast decay
due to the AFM exchange interaction, reaches a constant value inversely propor-
tional to the number N of spins, as long as the total spin value is conserved [29,
30]. In both the infinite and in the finite chain or ring the CF eventually goes to
zero due to anisotropic terms in the spin—spin interaction which do not conserve
the total spin. The time at which the CF decays to zero is called cutoff time. If we
refer to the spectral density (i.e., the Fourier transform of the CF), the cutoff fre-
quency is the frequency at which the low-frequency enhancement of S(w) levels
off [27-30].

The first spin dynamics model is the one describing the CF of the vanadium
spins with an initial fast decaying component determined by the strong exchange
interaction J, followed by a plateau in the CF and a cutoff function whose FT in
the frequency domain, S(w), is approximated by a Lorentzian function of width
@uo- The NSLR, which is proportional to the FT S(w;) of the CF, can then be
expressed as [13, 14]:
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Fig.3 Proton NSLR, 1/T), at room temperature for V,Zn and V;Ni. a The data are plotted as a func-
tion of the external magnetic field. The dashed lines are the best fits according to Eq. 1 with the set of
parameters listed in Table 1. The solid lines are the best fits according to the 1D spin diffusion model,
i.e., Equation 2, with the set of fitting parameters listed in Table 2; b the data are plotted as a function of
the inverse square root of the applied magnetic field. The dashed straight lines are the limiting behavior
of Eq. 2 for H.=0, i.e., Equation 3
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Table 1 The fitting parameters of Eq. 2 for different integer spin systems, see Fig. 3a

AFM ring Type/ground state A@ms™ H.(T) C(ms™h
V-Zn Open/Sy=1 0.015 (0.005) 3.65 (0.4) 0.35 (0.01)
V;Ni Closed heterom./S; =0 0.017 (0.005) 3.8(0.4) 0.043 (0.01)

Table 2 The fitting parameters of Eq. 3 for different integer spin systems, see Fig. 3b

AFM ring Type/ground state P (T ms™ H.(T) 0 (ms™h
V.Zn Open/Sp=1 0.032 (0.005) 3204 0.024 (0.01)
V-Ni Closed heterom./S;=0 0.032 (0.005) 3304 0.034 (0.01)
1 A -
7= ————— +Cmy) L 0
I 1+ (H/H,)

where H, = w47y 1S the cutoff field (y,,=nuclear gyromagnetic ratio), @ is the
cutoff frequency and C comes from the contribution of the first fast decay of the CF,
and @, 1S the cutoff frequency. As seen in Fig. 3a dashed lines, the model fits well
the data with the parameters shown in Table 1.

The second model is the one described by a CF which after an initial fast decay
has a slow decaying part at long times due to the spin diffusion, with a cutoff time
due to terms in the Hamiltonian which do not conserve the total spin value. The
model has been applied successfully to infinite AFM isotropic Heisenberg chains
[27, 28]. The NSLR is expressed by:

L _,p (H? + Hz)l/2 +H, v )
T I B

where H,. is the cutoff field as in Eq. 1, Q is the contribution of the fast initial decay
of the CF (same as C in Eq. 1) and P = B/27r(2Dye)1/2, where D is the spin diffu-
sion constant in rad Hz and B is the average square of the hyperfine interactions
between nuclei and electrons in units of (rad Hz). Equation 2 also fits well the data
in Fig. 3a, solid lines, with the parameters in Table 2.

To see if there is a limited field range in which the NSLR is due to spin diffusion
in the ring, one can plot the data as a function ofH~'/2, as depicted in Fig. 3b. A
straight line in such a plot corresponds to the spin diffusion range as given by Eq. 2
in the limit of H,=0:

1 —1,2
— =PH 0.
T " 3)

1

As one can see from the inspection of the fitting parameters and the experi-
mental data, the results are similar in the two systems, with a small difference
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in the C and Q values. The main result is that the cutoff field is “low” and this
allows to observe that spin diffusion occurs in a small field range, as shown by the
straight line fitting high fields data in Fig. 3b. When one compares the results for
the two integer vanadium rings with the results in rings of semi-integer spins [13,
14], e.g., Cr8, Fe6, Fel0, Cr7Cd and Cr8Zn, one finds that the results are similar
except for the lower cutoff field observed in the vanadium rings. The lower cutoff
field in V rings could be due to the different local anisotropy of V>* ions with
respect to, e.g., Cr** ions, and/or the difference between the spin values, i.e., s=1
for V** ions and s=23/2 for Cr** ions, and/or a different intermolecular interac-
tion. It is important to remark that the spin diffusion seems to be present both in
closed and open heterometallic rings.

A general conclusion of the NMR room temperature study of the integer spin
rings is that no detectable difference can be observed in the spin dynamics with
respect to the semi-integer spin rings. Moreover, the two proposed models that
describe the spin dynamics work both correctly. Future theoretical work should
help to distinguish the most appropriate one.

4 Low Temperature NMR Results and Discussion

As the temperature is lowered and becomes comparable to the magnetic exchange
interaction J (kgT =~ J), strong correlations among the magnetic moments start
building up. Thus at low temperature, the spin dynamics is dominated by the
enhancement and slowing down of collective fluctuations in a way similar to what
happens in a magnetic system as one approaches a magnetic phase transition [31].
Even if no phase transition takes place in our finite size magnetic rings, the slow-
ing down of the fluctuations, occurring when the temperature decreases, gener-
ates an enhancement in the NSLR. Moreover, when by diminishing 7 the charac-
teristic frequency of the magnetization fluctuations reaches a value of the order
of the nuclear Larmor frequency @;, the NSLR diplays a maximum followed by
a subsequent decrease when the temperature is further lowered. This behavior,
including a peak in NSLR, has been observed in all the MNMs and magnetic
rings investigated so far [13, 14]. However, the magnetic rings investigated are all
made up of semi-integer spins and thus it seems of interest to investigate integer
spin rings like V,Zn and V;Ni to see if any difference in the spin dynamics can be
detected.

Before presenting and discussing the results of proton NSLR, it is important to
show the effects generated, on lowering temperature, on other proton NMR param-
eters, namely the '"H NMR line width, the transverse nuclear relaxation rate /T,
and the signal intensity. These effects will have to be taken into consideration in the
analysis of the NSLR, which is the relevant parameter conveying information of the
spin dynamics. (In the present report we summarize the results on the NMR param-
eters. For a complete analysis and discussion of the same, see Ref. [32].) The data
were collected on a single crystal with H parallel to the molecular rings’ plane at dif-
ferent applied magnetic fields (i.e., HLlc).
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4.1 "HNMR Line Width

The results for the proton line width measured as the full width at half maximum
(FWHM) are shown in Fig. 4 as a function of temperature for different applied mag-
netic fields. Note that due to the large FWHM observed in V,;Zn at 3 and 6 T, at
very low temperature the frequency-sweep technique is used to measure correctly
the broadening of the absorption spectrum.

As shown in Fig. 4, the NMR line width increases as the temperature is lowered
down to about 20 K, and in this temperature range it is proportional to the para-
magnetic susceptibility since the line is inhomogeneously braodened by the distri-
bution of local fields at the proton nuclei sites due to the hyperfine interaction of
the proton with the vanadium spins. At lower temperatures, the system is no longer
a simple paramagnet because of the strong AFM exchange interaction (see Fig. 2)
that increases progressively the spin—spin correlation. In fact at low temperature,
the magnetization of the rings is due to the molecular population of the low-lying
discrete magnetic energy states governed by the Boltzmann law, and the NMR line
width is no longer proportional to the magnetic susceptibility [32]. It is noted that
the rigid lattice line width due to the nuclear dipolar interaction is only about 20 kHz
and is thus negligible compared to the inhomogeneous broadening due to the para-
magnetism of the system.

4.2 Transverse Relaxation Rate 1/T,

The temperature dependence of the transverse relaxation rate in V,Zn and V;Ni is
shown in Fig. 5 for different applied magnetic fields.

In a diamagnetic solid or a paramagnetic solid made of independent spins, the
spin—spin relaxation rate 1/7), is due to the nuclear dipolar interaction and is of the
order of the rigid lattice line width. As in our case, the nuclear dipolar interaction
yields a line width of the order of 20 kHz (see FWHM data for 7> 100-150 K,
Fig. 4); this corresponds to a transverse relaxation rate of about 50 ps, which is
indeed the value observed in Fig. 5 at 7> 100-150 K. As the temperature is lowered
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Fig.4 Proton line width vs. temperature at different applied magnetic fields in a V;Zn and b V;Ni
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Fig.5 Temperature dependence of spin-spin relaxation rate, 1/7,, for a V,Zn at u,H=0.5 and 3 T b
V-Niat uygH=0.5and 1.5 T

below 100-150 K, the slowing down of the magnetization fluctuations introduces a
further term in the spin—spin relaxation rate of dynamic nature due to the interaction
of the proton nuclei with the vanadium spins. In the weak collision limit, within the
fast motion approximation, where the transverse relaxation rate can be expressed in
terms of the spectral density of the fluctuating hyperfine fields at zero frequency, the
dynamic contribution to the transverse relaxation rate can be expressed as [26]:

5/,13
TL =yy(SH )=(T) = yAZ,( y: >T(T), 4)
2

where 6H, represents the local longitudinal field fluctuations originating from a
magnetic moment u, at a distance r from the proton spin, and 7 is the correlation
time (i.e., the inverse of the correlation frequency w,.) which is determined by the
dynamics of the exchange coupled magnetic ions. When the correlation time in
Eq. 4 becomes gradually longer with decreasing temperature, then the relaxation
rate 1/T, becomes larger as can be seen in Fig. 5. This enhancement of 1/7, at low
temperature has important consequences on the detection of the NMR signal as dis-
cussed in the following subsection.

4.3 NMR Signal Intensity

In most of MNMs and magnetic rings it has been observed that the proton NMR sig-
nal loses intensity on lowering the temperature [13, 14]. This phenomenon, which
has been observed also in other solids, is called “wipe-out” effect and is attributed to
the combination of a strong hyperfine coupling of nuclei to the electronic spin and
a slowing down of the fluctuations of the magnetic moment of the ions. In fact, the
slowing down of the fluctuations of the magnetization of the molecule produces a
T, shortening (and a corresponding shortening of 7). When 7, becomes very short,
the decay of the transverse nuclear magnetization occurs in a time shorter than the
detection time, 7, of the spectrometer. The minimum value for 7, (i.e., the dead time
of the instrument) is about 10 ps, below which the true observation of the NMR
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echo signal is not possible due to the instrumental limits and the signal is wiped out.
The “wipe-out” effect is observed also in the vanadium rings as shown in Fig. 6.

To explain quantitatively the “wipe-out” effect in magnetic molecules and rings,
an approximate simple model has been proposed [33]. In short, this model is based
on an assumption about the temperature dependence of T, whereby, when 7, crosses
the limiting value of 7, the NMR signal is no longer measurable. Because the pro-
tons are distributed at different distances from the magnetic ion, the critical value 7,
is reached by all proton sites, with the ones closer to magnetic ions being wiped out
first, generating a gradual loss of the NMR signal intensity. It can be used to fit the
data in the vanadium rings, but we will not report the details of the analysis as they
are not essential for the purpose of the present investigation [32].

4.4 longitudinal Relaxation Rate 1/T,

We turn now to the results of NSLR 1/7; versus temperature. The longitudinal
magnetization recovery curves in both V,;Ni and V;Zn showed a single exponential
behavior from high temperature down to 50 K for all magnetic fields. For lower tem-
peratures, the recovery curves revealed a bi-exponential behavior composed of a fast
and a slow relaxation component, due to the presence of nonequivalent groups of 'H
nuclei. This behavior is due to the different hyperfine field experienced by 'H nuclei
in nonequivalent crystallographic sites that give rise to different “average” values
of the relaxation rates. However, it is worth noticing that the first exponential com-
ponent of the nuclear magnetization longitudinal recovery curves, the so-called fast
component, has a higher weight from more than 95% at room temperature to about
60% at the lowest temperature 7~ 1.6 K for all applied fields. This is an important
remark, since it means that the 7, values extracted from the fast component rep-
resent an average of the relaxation times of the majority of protons. It has to be
remarked that the variation of the percent weight of the different relaxation compo-
nents is related to the “wipe-out” effect.

(a) 3
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Fig.6 'H NMR signal intensity times the temperature, normalized to the room temperature value, as a
function of temperature for a V;Zn at yyH=0.5,3,and 6 T b V,Ni at yy)H=0.5,3.2, and 6.18 T
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Before proceeding with experimental data analysis, it should be reminded that in
the weak collision approach, where the hyperfine interaction is treated as a perturba-
tion, the NSLR can be written as [16-18, 34, 35]:

17D
T, @(T) + w?’ ©)
where A is the geometric part of the squared hyperfine interaction, y7 represents
the average of the effective squared electronic magnetic moment, w; is the nuclear
Larmor frequency and w.(T) represents the correlation frequency. Equation 5 is
called BPP-like equation because it is similar to the well-known Bloembergen—Pur-
cell-Pound [36] formula used to fit the relaxation data in liquids. Under some sim-
plifying assumption, in the framewrok of the quantum perturbation theory it can be
derived to describe the NSLR of a magnetic system having a magnetic susceptibil-
ity y [34, 35]. The key assumption is that the correlation function (CF) of the elec-
tronic magnetization can be described by a simple exponential function dominated
by a single correlation time 7(7)=1/w.(T). Thus, as derived from the perturbation
theory and presented in Eq. 5 [21, 22], while the AyT term represents the average
of the squared hyperfine field (determined by the system geometry and the effective
squared electronic moment), the term including @ (7) is the FT of the CF, i.e., the
spectral density of the electronic spin fluctuations (the spin dynamical part of 1/7)).
Equation 5 has been used successfully to fit the NSLR in MNMs and rings [13, 14].
The experimental temperature dependence of the fast component of the longi-
tudinal relaxation rate divided by yT is shown in Fig. 7 for the two vanadium rings
(symbols). As one can see, the temperature dependence of the 1/(T,¥T) data for both
rings is characterized by a peak centered at around 3+6 K. The position and height
of the peaks are reported in Table 3(a) and (b) for V,Zn and V,Ni, respectively. The
peak in 1/(T\yT) decreases in height and shifts toward higher temperatures as the
magnetic field is increased. It can be noticed that the peak appears at temperatures
of the order of T~J/kg. Since in the case of antiferromagnetic (AFM) rings there
is only a finite number of magnetic ions, the nearest-neighbor exchange constant J
can be obtained from the fit of the magnetization measurements by using the PHI

800 T T 800 : .
(a) (b)
600 g 600 - ]
3 V7Zn 3 V Ni
< s
3 4004 @ pH=05Tesla i S 4004 @ pH=05Tesla
3 * pH=15Tesla § . * pH=15Tesla
[ uH=3Tesla o uH=32Tesla
£ wH =6 Tesla = uH = 6.18 Tesla
= - = 200 4
RADADk i) & & 0 h L S RE I oy

100 1 10 100

Fig. 7 Temperature dependence of the proton NSLR divided by y7, for different applied magnetic fields
for a V,Zn and b V,Ni. The lines are the best fit curves according to Eq. 5 as explained in the text
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Table 3 Position and height of the NSLR rate divided by 7 for (a) V;Zn and (b) V;Ni spin-1 AFM rings
(a) V;Zn

Field (T) Tpeax (K) Height
(emu S K mol™")~!
uoH=0.5 3.7(0.4) 663 (10)
puoH=1.5 4.2 (0.4) 500 (10)
uoH=3 4.4(0.4) 272 (10)
uoH="6 5.6 (0.4) 165 (10)
(b) V,Ni
Field (T) Tpear (K) Height
(emu S K mol™)~!
uoH=0.5 3.1(04) 725 (10)
uoH=1.5 39(04) 533 (10)
poH=3.2 - -
uoH=06.18 5.3(0.4) 215 (10)

software or a home-made one. PHI is a computer program designed for the calcula-
tion of the magnetic properties of paramagnetic coordination complexes. It is based
on the construction and diagonalization of the Hamiltonian matrix that describes
the system under study, from which it is possible to obtain different variables of
physical interest such as susceptibility, magnetization, heat capacity, and energy lev-
els; see also Ref. [37]. (The preliminary results yielded J=— 4.64 K for V;Zn and
J=—4.12 K for V,Zn. See also Ref. [38].)

The behavior observed in vanadium rings is similar to the one observed in all
semi-integer spin rings [13, 14]. As done for all magnetic molecules and rings, the
NSLR data can be fitted by Eq. 5.

The solid lines in Fig. 7 are the best fit by using Eq. 5. For these fits, o, was
assumed to be in the power law form (w,=CT*%) according to what was found in pre-
vious publications [13-19, 33]. The parameters used in the fit of Fig. 6 are: A=1.9
(0.5)x 10" rad’mol/s> emu K, C=3.1 (0.5)x 10° rad/s, a=3 (0.5) for V,Zn, and
A=2(0.5)x 10" rad’mol/s? emu K, C=3.5 (0.3)x 10° rad/s, a=3 (0.5) for V,Ni.

As seen in Fig. 7 the lowest field data are fitted well, while the higher fields data
are not well reproduced as regards the amplitude of the peak value. To better com-
pare the behavior of 1/T(T) experimental data at different applied magnetic fields
with the BPP model of Eq. 5, we report in Fig. 8 for both V,;Ni and V,Zn the height
of the maximum of experimental 1/(T\yT) vs. 1/u,H (see data points in Table 3).
These data are compared with the expected behavior from the exact fit of Eq. 5
using the parameters obtained on pyH =0.5 T data for V,Zn, represented by the solid
line. As can be seen, the discrepancy is outside the experimental error. To make
sure that the problem does not arise from the choice of the T dependence of the
correlation frequency, we also tried to fit the data using an exponential dependence
for o, i.e., w, = C-exp(A/kgT), where A is the energy gap between two electronic
levels, but the quality of the fits did not improve. In addition, we also tried to fit our
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Fig. 8 Experimental height of
the peaks of 1/(TyT) of V,Zn
and V,Ni for the different values
of the inverse magnetic field
(scattered points), compared
with the BPP behavior (solid
line), calculated for V,Zn by
fitting the experimental data at
uH=0.5T
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experimental data using a more refined model [16-19, 39, 40], where more than one
correlation frequency determines the form of the spectral density of the electronic
spin fluctuations, which thus results in a sum of Lorentzian functions pertaining to
different correlation frequencies . Even with a continuous distribution of corre-
lation frequencies, it was not possible to fit the data (fitting curves not shown).

The observed discrepancy could signify that the spin—spin correlation function
G(t) is completely different from the simple exponential one assumed in Eq. 5 as a
result of the difference between the electronic spins of V2" ion (s = 1) with respect to
the case of semi-integer spins. On the other hand, since the shape of the peak and the
position of the maximum at different fields seem to be well reproduced by the usual
model (Eq. 5), it is more likely that the height of the peak does not scale with 1/u,H
as the consequence of the “wipe-out” effect. In fact, the NSLR data around the peak
were collected in the temperature range in which there is a loss of '"H NMR signal
(see Fig. 6). It should be remarked that in this temperature range, we keep measur-
ing the fast relaxing component and this fast component decreases in intensity with
respect to the slow component (see Fig. 7), signaling that we are losing the fastest
relaxing nuclei. Thus the value of the measured NSLR can be lower than what it
would be if the fastest relaxing nuclei were detected, and this alters the height of
the peak in the NSLR versus temperature in Fig. 7. As a matter of fact, an elaborate
theoretical analysis on different rings has demonstrated that once the data are cor-
rected for the “wipe-out” effect, they fit well Eq. 5 [22].

An important experimental result which is independent of the theoretical analysis
is contained in the fact that, as shown in Fig. 7, the T and H dependence of NSLR
in V,;Ni and V,Zn are practically the same. Therefore, one could conclude that the
spin dynamics in the intermediate temperature range (7 ~J/ky) is not affected by the
ground state spin value S; and/or topological effects, since the V,Zn and V;Ni are
“open, St=1" and “closed, St=0" spin-1 AFM ring, respectively.

5 Summary and Conclusion
The spin dynamics of two integer spin rings, V;Zn and V;Ni, were investigated

through measurements of proton spin—lattice relaxation rate (NSLR) at room tem-
perature as a function of the magnetic field, and as a function of temperature at
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different applied magnetic fields. The purpose of the investigation is to compare the
results in the present integer s =1 spin rings with the ones known in the literature for
half integer spins, to find out if one can detect a different behavior between the quan-
tum integer (s=1) and the (s >3/2) semi-integer spin systems.

The experimental investigation was performed in two different temperature
regions: (a) high temperature (kz7> >J), where the magnetic moments in a spin
system are weakly correlated and the system behaves like a paramagnet; (b) inter-
mediate and low temperature (kg7 <J), where the evolution of the magnetic proper-
ties and the spin dynamics of the system reflects the progressive correlation among
magnetic moments leading to a collective ground state at very low temperature.

At high temperature, the frequency (magnetic field) dependence of the proton
NSLR indicates that the correlation function (CF) of the V*2 magnetic moments can
be described by an initial fast decay due to the strong AFM interaction characterized
by the exchange coupling constant J, followed by an intermediate time range with
a slow decaying or constant CF and a final drop of the CF at a characteristic cutoff
time. The intermediate time range is particularly interesting, since it is the conse-
quence of the conservation of the total spin value for an isotropic Heisenberg finite
size AFM ring, while the cutoff time (frequency) is due, e.g., to anisotropic terms
in the spin Hamiltonian. In the two vanadium rings investigated, it was found that
the behavior of the CF is very similar to the one observed in semi-integer spins [13,
14], but with a smaller cutoff frequency which allows to detect a narrow time range
where the decay of the CF is described by a spin diffusion process.

At lower temperatures, the CF is ideally described by an exponential decay with a
single dominating correlation time which describes the fluctuation of the collective
modes of the magnetization. This CF generates a Lorentzian-type spectral density
with a width which decreases on lowering the temperature, reflecting the slowing
down of the collective fluctuations. The experimentally measured NSLR, renormal-
ized by the effective magnetic moment y7, shows a characteristic magnetic field-
dependent maximum as a function of temperature with a peak occurring at a tem-
perature T, of the order of the exchange constant (kT,,,,, =~ J). The proton NSLR in
the two vanadium rings have been fitted with the same formula used for semi-integer
spins and the results are similar, although a very strong “ wipe-out” effect present
in the vanadium rings alters the intensity of the peaks revealed at all applied fields.

One can thus conclude that the present NMR study of the spin dynamics at high
and intermediate temperature in s=1 vanadium rings does not show any detecta-
ble difference from the spin dynamics observed in semi-integer spin rings [13, 14].
The investigation regarding the detection of a difference in spin dynamical behavior
between quantum integer spins and semi-integer spins in finite size rings, in view
also of the Haldane gap effect, should be continued at much lower temperature and
in vanadium rings with an increasing number of spins in the ring. Moreover, studies
on homometallic closed or open V-based rings and with different parity (odd or even
number of V ions) are envisioned, eventually making use of >'V NMR to directly
access spin dynamics from investigating the nuclei of the magnetic centers.
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