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A detailed experimental investigation of the effects giving rise to the magnetic energy level structure
in the vicinity of the level crossing (LC) at low temperature is reported for the open antiferromagnetic
molecular ring CrgZn. The study is conducted by means of thermodynamic techniques (torque
magnetometry, magnetization and specific heat measurements) and microscopic techniques (nuclear
magnetic resonance line width, nuclear spin lattice, and spin-spin relaxation measurements). The
experimental results are shown to be in excellent agreement with theoretical calculations based on
a minimal spin model Hamiltonian, which includes a Dzyaloshinskii-Moriya interaction. The first
ground state level crossing at uoH¢; = 2.15 T is found to be an almost true LC while the second LC
at woHez = 6.95 T has an anti-crossing gap of A, = 0.19 K. In addition, both NMR and specific heat
measurements show the presence of a level anti-crossing between excited states at yoH = 4.5 T as
predicted by the theory. In all cases, the fit of the experimental data is improved by introducing a
distribution of the isotropic exchange couplings (J), i.e., using a J strain model. The peaks at the
first and second LCs in the nuclear spin-lattice relaxation rate are dominated by inelastic scattering
and a value of T" ~ 10'° rad/s is inferred for the life time broadening of the excited state of the open
ring, due to spin phonon interaction. A loss of NMR signal (wipe-out effect) is observed for the first
time at LC and is explained by the enhancement of the spin-spin relaxation rate due to the inelastic
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scattering. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938086]

. INTRODUCTION

During the last decade, physicists have paid considerable
attention to Molecular Nano Magnets (MNMs) as model
systems to study fundamental quantum and magnetic
properties.’> In many MNMs, the intermolecular magnetic
interactions are negligible as compared to the intra-molecular
exchange interactions, thus the bulk magnetic properties
reflect the microscopic features of individual molecular
units. The discovery of quantum phenomena such as the
macroscopic quantum tunneling®* of the magnetization and
the possibility of applications in magnetic storage and
quantum computing,>® has further increased the motivation
to study MNMs. Antiferromagnetic Molecular (AFM) rings
are an interesting subgroup of MNMs, which are formed
by a finite number of transition-metal ions arranged in a
cyclic structure. Due to the finite-size effect, a discrete energy
spectrum is present in all AFM rings at low temperature with
a ground state which can be a singlet with total spin S =0
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or a magnetic ground state depending on the spin topology
of the ring. An external magnetic field lifts the degeneracy of
M;, the projection of the total spin (S) of the ring along the
quantization axis, inducing Level Crossings (LCs) between
the ground state and the excited states. The study of the LCs in
AFM rings is a good direct experimental probe of the energy
levels structure to be compared with theoretical results’~® and
it allows the investigation of interesting quantum phenomena
such as quantum tunneling of the Néel vector,'® S-mixing
effect!! and level repulsion.'? The small number of interacting
magnetic ions in MNMs allows exact calculations which can
be compared directly to the experimental results.

Previously, the spin dynamics'® and the thermodynamic
properties'* in the proximity of the LCs were studied in
the homometallic Cr-based AF ring [CrgFg(O,CC(CH3)3)16]-
0.25C¢H,4 (abbreviated as Crg) with a S =0 ground state
due to AF interaction (Jor—cr ~ 16.9 K) between nearest-
neighbor Cr** (s = 3/2) ions. Starting from a homometallic
ring structure and by substituting and/or inserting different

©2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://dx.doi.org/10.1063/1.4938086
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4938086&domain=pdf&date_stamp=2015-12-31

244321-2 Adelnia et al.

metallic ions in place of the transition metal magnetic ions,
one can manipulate the topology of the interactions'>'® which
determines the magnetic properties and consequently LCs.
One particular situation of interest in the present work is
when the homometallic ring is interrupted by the presence
of a diamagnetic metal ion, as in the case of CrgCd,"”
recently investigated by polarized neutron diffraction.'®
Another example is [CrgZnFy(O,CC(CH3)3)5 ](Me,CH),NH,
(abbreviated as CrgZn), where Zn>* is the diamagnetic ion.
Due to the presence of 7Zn?*, the CrgZn molecule can be
considered a finite spin segment, thus a model system to study
finite size effects.!®2% The structure of CrgZn is referred to
as an “open ring,” composed by eight Cr** (s = 3/2) ions
and one Zn** diamagnetic ion, with S = 0 ground state. A
previous study on this compound was done by means of
Inelastic Neutron Scattering (INS) measurements performed
on a randomly oriented microcrystalline sample.”!

The aim of the present work is the investigation,
by thermodynamic measurements and nuclear magnetic
resonance (NMR) relaxation and spectroscopy, of the multiple
LCs between ground and excited states in a single crystal
of the CrgZn finite spin segment, with an even number of
magnetic ions. Single-crystal measurements allow us the
direct access to the anisotropic properties of the molecule
and the evaluation of the presence of anti-crossings between
different spin multiplets, induced by anisotropic terms in the
Hamiltonian. As remarkable results of such investigation, we
find that at the LCs the J strain determines the broadening
and shape of the magnetization and torque curves and of the
nuclear spin-lattice relaxation rate (NSLR) peaks, while the
Dzyaloshinskii-Moriya (DM) interaction is responsible for the
energy levels repulsion.

The layout of this article is the following. In Sec. II,
we first say few words about the structure of the sample and
then we introduce the microscopic spin Hamiltonian used to
interpret the experimental data. In Sec. I1I, we report the results
of magnetization, specific heat, and torque measurements, as a
function of the magnetic field for several temperatures below
2 K, which are well reproduced by using the spin-Hamiltonian
introduced in Section II. In Sec. IV, we make use of proton
Nuclear Magnetic Resonance (NMR) to measure the nuclear
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spin-lattice relaxation rates (1/T;) and the NMR signal loss
(wipe-out effect) as a function of the magnetic field. These
two effects are analyzed at the level crossing in terms of quasi-
elastic and inelastic contributions to the nuclear relaxation.
The summary and conclusions are presented in Sec. V.

Il. THEORY

The synthesis, structure, and characterization of the here
used single crystals of CrgZn are described in Ref. 22; for
Crg see Ref. 13 and references therein. In Fig. 1 a drawing
of the CrgZn and Crg structure, where the typical ring-like
arrangement of the Cr’* (s = 3/2) and/or Zn>* (s = 0) metal
ions, is reported.

The microscopic description of the heteronuclear open-
ring CrgZn is based on the following spin Hamiltonian:

H() = JCr—Cr 27: Si . Si+1 + dzgl Szzl + EZ(SZ - 52

+ Z S;-Dy;-S;+gupH- ZS,, (1)

i>j=1

where S; is the spin operator of the i-th Cr ion in the ring. In
the following, we assume that the site i = 9 is occupied by
the Zn2* ion. The first term in Eq. (1) describes the isotropic
Heisenberg exchange interaction between pairs of nearest
neighboring Cr** ions, with strength Jc,_c,. The second
and third terms account for single ion zero-field splitting
anisotropy (with the z axis perpendicular to the plane of
the ring) and the next one is the magnetic dipole-dipole
interaction. The elements of the coupling tensor Dj are
calculated in the point-dipole approximation. The last term
represents the Zeeman interaction with an external magnetic
field woH, with isotropic and uniform g for all Cr* ions.

The minimal model introduced in Eq. (1), with uniform
exchange couplings and zero-field splitting tensors along the
whole ring, is sufficient to provide a good description of
low-temperature magnetization and specific data, which are
shown in Sec. IIl. They are well reproduced by assuming
Jor—cr = 1.32 (4) meV, d = =28(5)u eV and |e| = 3(3) ueV

cr @
Zn ©
o e
F
N

(b)

FIG. 1. Structure of CrgZn (a) and Crg (b). Hydrogen atoms are omitted for clarity.
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w,H (T)

FIG. 2. Magnetic field dependence of the low-lying energy levels of CrsZn
calculated according to Eq. (2), with Jc,—cr =1.32 meV, d = -28u eV, and
|e|=3u eV. The field lies in the plane of the ring. The two ground state level
crossings fields poH.1 and poHc 2 are indicated in red, while the excited states
level anti-crossing poH, is indicated in blue. The energy of the ground state
is set to zero for each value of the magnetic field.

(note that the here-reported errors are based on a combined
analysis of previous INS data®! and current thermodynamic
and NMR measurements) in agreement with the model used
to fit INS data in Ref. 21. The theoretical curves are obtained
by numerically diagonalizing the Hamiltonian as described in
Ref. 12. With the calculated eigenstates and eigenvalues, the
field dependence of the magnetization M, and of the specific
heat as well as torque measurements can be evaluated and
compared with the experimental results (see Sec. III).

An external magnetic field lifts the degeneracy of the M
levels inducing level crossings between the ground and excited
states (Fig. 2). According to the results of the diagonalization
of Eq. (1) the first two ground state level crossings are expected
at uoHey = 2.15 T and woHer = 6.95 T (red circles in Fig. 2),
where |S = 0, My = 0) crosses |[S = 1, My = —1) and |S = 1,
M, = —1) crosses |S = 2, My = —2), respectively. As shown
below, torque measurements at different angles suggest the
presence of a sizeable level-repulsion at 6.95 T, which is
not predicted by Hamiltonian (1). This is also in agreement
with NMR nuclear spin-lattice relaxation rate experimental
results and can be modeled by adding a DM interaction term
perpendicular to the plane of the ring, i.e., by assuming

H=H0+HDM (2)

with
7
Hpm =Gz Z(SxiSyHl = SyiSxis1): 3)

i=1

It is worth noting that, although other ways can be found to
obtain an anti-crossing between S =2 and S = 1 multiplets,
this mechanism is able to reproduce the correct angular
dependence of the torque (see discussion below). In addition,
we stress that the introduction of Hpys with G, determined
from torque measurements does not alter the interpretation of
other experimental results. Indeed, magnetization and specific
heat data can be fitted also with the simplified model of

J. Chem. Phys. 143, 244321 (2015)

Hamiltonian (1) and are only marginally affected by the
introduction of Hp js. Anyway, the calculations reported below
are all performed by considering the whole Hamiltonian (2),
including DM interaction.

The field-dependence of the energy levels, calculated by
using Hamiltonian (2), is shown in Fig. 2. This model yields a
very small ground state anti-crossing at uoH.; and a sizeable
one at uoH,». The excited states level anti-crossing H. shown
in the blue circle of Fig. 2 is also predicted and experimentally
verified by specific heat and NMR measurements.

. THERMODYNAMIC PROPERTIES
A. Experimental methods

Magnetization M(H) and specific heat C(H) measure-
ments have been performed in house by means of a
cryomagnetic system with 3He insert that allows to reach
temperatures as low as 0.3 K and a superconducting
coil operating up to wgH =7 T. All measurements have
been done on CrgZn single crystals. Magnetization was
measured by Hall probes made of 2DEG semiconducting
heterojunctions.”> We have collected specific heat data in a
commercial calorimeter, using a thermal relaxation method
under quasi-adiabatic conditions. The single-crystal sample
of CrgZn was thermalized by Apiezon N grease, whose
contribution was subtracted by means of a phenomenological
expression. High field torque and heat capacity measurements
have been performed at LNCMI laboratory in Grenoble (F).
In this case, heat capacity measurements were carried out
with a homemade calorimeter by using the AC calorimetry
technique.?® We used CuBe cantilever with capacitance read
out to measure magnetic torque as described in Ref. 24. The
experimental apparatus was sensitive to the y component of
the torque vector (7}) acting on the sample in a magnetic field
H, which was applied in the xz plane at an angle 6 from z,
that is, the axis perpendicular to the common (CrgZn) ring’s
plane. Rotations of the sample were performed around the y
axis (see inset Fig. 6(a)).

1. Magnetization

We first present our experimental results for the
magnetization versus field M (H) at low temperatures,
with the magnetic field lying in the plane of the ring
(6 =90°). A clear step-like increase in magnetization is
observed for temperatures up to 1 K, while at T=2 K
the magnetization is approximately proportional to the field
(Fig. 3(a), full symbols). At low magnetic fields (H < H),
M is observed to be zero as a direct evidence of a singlet
ground state, while the magnetization rapidly increases at
2.15 and 6.95 T, corresponding to the first and second ground
state level (anti)crossings. The calculations of M vs H and
of dM/dH are reported in Figs. 3(a) and 3(b), respectively.
As stated above, even if the effect of the additional DM
term (Eq. (3)) on the magnetization is found to be negligible,
the theoretical (continuous) curves reported in Fig. 3 are
calculated by numerically diagonalizing the full spin Hamil-
tonian (2).
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FIG. 3. Magnetic field dependence of the magnetization (a) and of dM/dH (b) measured at T=0.4, 0.6, 0.8, 1, 2 K, with the magnetic field applied in the plane
of the ring (6 =90°). Solid lines show the theoretical calculations resulting from Eq. (2), with a Gaussian distribution of the exchange constants (J-strain) with

standard deviation oy =0.04 J.

We note that the measured peak in dM/dH centered at H.,
appears to be broader than the one centered at H¢;. This could
be due to a distribution of parameters in the spin Hamiltonian
resulting from some local disorder (J-strain). In particular,
different molecules in the crystal could have slightly different
values of J. This, in turn, implies a distribution of values of
the crossing fields centered at the nominal woHg; or uoHe,.
Notice that the effect of J-strain is much more pronounced
in the proximity of uoHg, than poH.;, since the exchange
energy gap between the S =2 and S = 1 multiplets (which
cross at uoHg,) is about three times the exchange energy
gap between the S = 1 and S = 0 multiplets, involved in the
crossing at Hc;. Hence, we observe a change induced by a
given variation of J three times as large on H., with respect to
H.,ie., % ~3 6?;1 . This behavior explains the much more
pronounced broadening of the peak at pyH., when compared
to the one at uoH.;. We have reproduced this broadening by
introducing a Gaussian distribution of the exchange constant
J, with standard deviation o; = 0.04 J, in line with what
assumed for Cr7Ni in Ref. 25. The reported value of oy was
also used to fit the broadening effects in the torque and in the
NMR nuclear-spin-relaxation measurements as will be shown
in Sec. IV.

2. Specific heat

Measurements of specific heat at low temperature as a
function of the external magnetic field have been proved to
be very useful to investigate level crossing effects also in the
presence of a gap at the critical crossing field leading to a
level anticrossing (LAC).'"'* The magnetic contribution to
the specific heat is computed, starting from the eigenvalues
E,, of the spin Hamiltonian,

2
e
E _ ﬂz n n n

c._

. . @
5 e

where R=8.314 Jmol™! K™!, B=~1/kpT,and Z = ¥, e PEn
is the partition function. Expression (4) can be useful to
understand the behavior of the specific heat at low temperature
and close to a LC, where the investigated system can be

approximated as a two level system. In fact for a two level
system Eq. (4) reduces to

2 A(H)
C_ [A(H)] exp [ 77 ' )
Bkl s e [10])

Eq. (5) indicates that when the magnetic field is varied the
specific heat should reach a maximum when A(H) =~ 2.5kgT
(Schottky anomaly). In the presence of a level crossing one
should thus observe two peaks in the specific heat plotted vs.
external magnetic field with a dip in the middle centered at
the crossing field, as a result of a double Schottky anomaly.
In particular, in presence of a pure level crossing, the dip
between the two Schottky peaks should go down to zero,
while in presence of a level repulsion (LAC) the dip can be
much less pronounced and it gives a direct measurement of
the gap at the anti-crossing.'""!#

The specific heat for the magnetic field applied in the
plane of the ring (6 =90°) is shown in Fig. 4 at three
different temperatures (points) and compared to the simulated
behavior (lines), obtained from the eigenvalues of spin Hamil-
tonian (2).

10—

0,8 1

0,6 1

C/R

0,4

0,2 1

0,0 T T T T T T T T T T T T T
0 1 2 3 4 5 6 7

FIG. 4. Magnetic field dependence of the specific heat measured at T =0.4,
0.6, 0.9 K, with 6 =90°. Solid lines show the theoretical calculations obtained
from spin Hamiltonian (2).
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FIG. 5. Specific heat as a function of magnetic field at T =0.45 K. The solid
lines represent the specific heat calculated by Eq. (5) with the energy levels
determined from the diagonalization of Hamiltonian (2) by including both the
DM interaction (which induces a level repulsion at uoHcp) and of the J-strain
effects.

As can be seen, the theoretical curves are in good agree-
ment with the experimental results. The small disagreement
found for the peak at T = 0.4 K at high magnetic field is
within the experimental accuracy considering that a small
temperature drift is possible at such low T.

The uncertainty in the subtraction of the non-magnetic
background contributing to the specific-heat (which is a
particularly hard task) limits the precision in determining
the size of possible anti-crossing in the ground state. The
minimum at uoHe; = 2.15 T is in good agreement with the
curves calculated from spin Hamiltonian (2). Moreover, the
experimental evidence of level-repulsion between the excited
multiplets S =2 and S = 0 at wyH, = 4.5 T (see minimum in
Fig. 4 at T = 0.4 K) is well reproduced by our model, as it
can be observed in the level scheme reported in Fig. 2 (blue
circle).

In order to gain deeper insight into the energy gap
evolution for the second level crossing field, we have also
performed specific heat measurements up to 10 T at the
High Magnetic Fields Laboratory in Grenoble. We find
again a good agreement between experimental data and the
theoretical curves (Fig. 5) obtained from spin Hamiltonian

Torque (a.u.)

10 11 12

J. Chem. Phys. 143, 244321 (2015)

(2). The anti-symmetric exchange interaction (Eq. (3)) (which
induces a sizeable anti-crossing at puoHg,), as well as the
Gaussian broadening of the exchange constants, is responsible
for the non-zero value of the specific heat at ugHg,. The
additional broadening of the fourth experimental peak can
be ascribed to heating of the sample for large H, as the
result of the technique here employed, i.e., AC calorimetry
combined with a continuous sweeping of the applied magnetic
field.

3. Torque magnetometry

In order to get independent information on the ground
state level crossings, we have performed torque measurements
at different angles. As shown in Fig. 6(a), the experimental
magnetic torque signal at T = 50 mK (simulated as described
in Ref. 24, Fig. 6(b)) presents the typical step-like behavior
due to the transitions of the ground state to multiplets with
progressively higher S values.?” Torque measurements on
CrgZn at the higher LC field show the presence of a small
peak for an angle 0 =49.9°, which is absent at the other
reported angles (—2°, 9°). A peak in the torque suggests the
presence of an avoided crossing.”® As discussed in one of our
previous works?’ an anti-crossing between S =2 and S = 1
multiplets (with the correct angular dependence) can occur due
to the presence of a small—but finite—Dzyaloshinskii-Moriya
interaction. Other mechanisms can induce a level repulsion at
uoHea, such as the introduction of local anisotropy axes slightly
tilted from the z-axis of the magnetic field or the assumption
of non-uniform d; values. However, we have checked that the
angular dependence of the anti-crossing, together with the size
of the induced gap, is not easily reproduced by Hamiltonians
taking into account the tilting of local anisotropy axes and/or
non-uniform d;’s. Conversely, the inclusion of a DM term
(Eq. (3)) in the spin Hamiltonian leads to the appearance of
a peak in the simulated torque at 49.9° which is very small
or absent at the other measured angles, as shown in Fig. 6(b).
For simplicity, we have not included G, and G, component
of the DM interaction, since their contribution is very small.
A good fit (Fig. 6) is obtained by fixing G, = 0.016(5) meV
= 0.012 J. This is in agreement with the theoretical model,°
which predicts G ~ 2_ng . Since for Cr’**g = 1.98 we should
expect G ~ J/100, which is close to the fitted parameter. The

Torque (a.u.)

FIG. 6. Magnetic torque signal taken at the High Magnetic Fields Laboratory in Grenoble on CrgZn single crystal at T =50 mK: (a) experimental data (inset:

experimental set up); (b) theoretical simulations.
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FIG. 7. Field dependence of the torque signal taken at 6 = —2° on CrgZn single crystal for several temperatures, reported in the legend: (a) experimental data;

(b) theoretical simulations.

situation is different from the odd-numbered open-ring Cr7Zn,
in which a sizeable S-mixing and level repulsion is induced
by uniform single-ion and axial anisotropies.”’ In Fig. 7, we
plot the experimental data (Fig. 7(a)) of the torque at various
temperatures and the results of the theoretical calculations
(Fig. 7(b)).We note that the experimental peaks (Fig. 7(a)) are
well reproduced by assuming the Gaussian distribution of the
exchange constants discussed above, with oy = 0.04 J. The
introduction of J-strain allows us to obtain theoretical peaks
with broadening in agreement with the experimental one (in
contrast to the narrower peaks given by calculations when this
effect is neglected).

IV. "TH NMR: EXPERIMENTAL RESULTS
AND ANALYSIS

A. Experimental methods

We present in this section 'H NMR measurements,
including nuclear spin-lattice relaxation rate, 1/T;, spin-spin
relaxation rate, 1/T,, and NMR spectra in a CrgZn single crys-
tal as a function of magnetic field at low temperature (~1.7 K).
Measurements were performed with the external magnetic
field approximately in the ring plane, i.e., perpendicular to
the molecular z-axis of the rings (0 = 90°). The value of 1/T
is determined by monitoring the recovery of the longitudinal
nuclear magnetization measured by the spin-echo /2,-7/2,
pulse sequence by means of a standard TecMag Fourier
transform pulse NMR spectrometer, following a saturation
comb of rf pulses. The nuclear magnetization recovery curves
show magnetic field dependent multi-exponential behavior
due to the presence of nonequivalent groups of 'H sites in
the molecule. In most cases the recovery curve can be fitted
with two exponential functions leading to a fast and a slow
component of the relaxation. The fast component represents
a weighted average of the rates of the inequivalent protons
in the molecule which are close to the magnetic ions and
are thus sensing the spin dynamics. Transverse relaxation
measurements, 1/T,, were performed by using a standard
7/25-11/2y pulse sequence. "H NMR spectra were collected by
using the magnetic field sweep technique’! at three different
fixed Larmor frequencies corresponding to magnetic fields
smaller (51.1 MHz) and larger (234.16 MHz) than the first

ground state level crossing, and at a field (340.6 MHz) larger
than the second ground state level crossing.

1. Spin-lattice relaxation rate

We are now going to present and analyze the results
of proton nuclear spin-lattice relaxation rate near the level
crossings at low temperature in CrgZn. Our aim is to gain
insights on the spin dynamics at level crossing. The theory
of NSLR in molecular magnets at low temperature can
be derived from the basic theory of NSLR in magnetic
systems developed by Moriya both for paramagnets and
for antiferromagnets.’” At high temperatures (kzT >> J),
a molecular magnet behaves as a simple paramagnet and
one can apply the standard theory of nuclear relaxation in
a paramagnet. However, at low temperature Moriya’s theory
of nuclear relaxation in antiferromagnets cannot be applied
without some modifications. The problem arises from the fact
that in molecular magnets the energy levels are discrete and
well separated in energy as shown in Fig. 2. Thus, since there
is not a continuum of spin-wave excitations, like, e.g., in a
3D antiferromagnet, no energy conserving direct relaxation
transitions between the nuclear Zeeman levels and magnetic
spin excitations are possible except at the level crossing. Semi-
phenomenological models have been developed to describe
NSLR near level crossing®*** and the expressions obtained
have been utilized to explain the experimental results in
molecular magnets.*> We will adopt here the expression for
the NSLR which was utilized to analyze the level crossing
results in several AF ring-like, e.g., Crg,"?

1
— = yTA?
T;

I(T)
IHT) + wj

I(T)
AT) + (w = A |

(6)

Here, we limit the discussion to a qualitative explanation of the
two contributions appearing in Eq. (6). The first contribution
is the quasi-elastic term which arises from the fluctuations of
the magnetization of the molecule in the first magnetic excited
state. These fluctuations due to spin phonon interaction are
modeled with a Lorenzian broadening of width I'; of the
magnetic state whereby the NSLR is simply proportional to the
Lorenzian spectral density function at the Larmor frequency
wyz. The second term is the inelastic term which arises from
direct transitions between nuclear Zeeman states accompanied
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FIG. 8. 'H spin-lattice relaxation as a function of magnetic field in CrgZn at
T =1.7 K. The solid line is the fit according to Equation (6), including (red)
or neglecting (black) J strain effects. The red fit is able to better reproduce the
line-shape, by assuming smaller gaps, in agreement with model Hamiltonian
(2) and with thermodynamic measurements. The inset is a zoom close to the
second level crossing.

by a transition in the magnetic state of the molecule,
with broadening I';. This term is important only when the
applied magnetic field is very close to a level crossing value
and becomes dominant when the gap A; is of the order
of the broadening I',. The constant A in Eq. (6) is the
average square of the dipolar interaction between protons
and magnetic ions and is temperature and field independent.
In the case of CrgZn the term T in Eq. (6) is also a
constant since we are considering the NMR measurements
at fixed temperature (1.7 K) and the susceptibility y =
dM/dH is almost field independent as the result of thermal
broadening, as shown in Fig. 3 of Sec. III A. This situation
is clearly distinguished from the one found in Crg where
the field dependence of %T leads to a peak at LC with
both elastic and inelastic contributions, which are thus
difficult to separate.'?

The NSLR experimental results as a function of the
external magnetic field are shown in Fig. 8. The peak at the
level crossings could be fitted by Eq. (6) with the gap between
the ground and the first excited state expressed as

A; = \/512—1,1' + [guppo (Hei — H)T, 7

where i = 1,2 for the first (uoH,) and the second (uoH,») level
crossing, respectively. d,_; ; represents the level repulsion gap
leading to a level anti-crossing.

If J strain effects are completely neglected, the
experimental data can be fitted but large values of the anti-
crossing gaps (black line in Figure 8) must be assumed: ¢,
= 0.09 K and 81, = 0.56 K which are not in agreement with
the thermodynamic results and the theoretical predictions.
Thus, we decided to include in the fitting the effect of
J strain due to a distribution of J values as described
in Section III A. We performed a fit (red line in Fig. 8)
based on Eq. (6), by assuming a distribution of the crossing
fields, H.; and H,, induced by the Gaussian distribution of
the exchange constants discussed above (Sec. III A), with
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standard deviation o; = 0.04 J. The values of the anti-
crossing gap obtained from the fit are now in agreement
with those predicted by the model (Eq. (2)) used to explain
torque measurements: 6g; = 0.01 K at poH; and 61, = 0.19 K
at uoH,,. Furthermore, the inclusion of J strain explains the
significantly more pronounced broadening of the peak at poyH,
when compared to the one at [1pH,; (see full points in Fig. 8).
The magnetic field for LC which fits the first peak in Fig. 8
is H.y = 2.15 T, in good agreement with the values derived
from magnetization and specific heat, while the second peak
is centered at 6.8 T. This value is slightly lower than the one
inferred from thermodynamic measurements (6.95 T) but still
compatible within the error bar of 0.1 T.

The other parameters obtained from the fit of the first peak
in Fig. 8 are: A?> = 5.7 x 10'! (rad> mol)/(s?> emu K) = 0.14
x 10" rad?/s?, T} =1.4(0.14) x 10° rad/s, T =2.4(0.14)
% 10'° rad/s while the yT(= 0.46 emu K/mol) comes from
the magnetization measurements. The parameters used in
the fit of the second LC in the inset of Fig. 8 are A?
= 5.7 x 10" (rad®> mol)/(s® emu K) = 0.14 x 10'2 rad?/s2, T}
= 1.5(0.15) x 10® rad/s, I = 0.2 x 10" rad/s.

It is interesting to note that the order of magnitude of Iy,
as determined above for the quasielastic contribution, is close
to one obtained from extrapolating at low temperature the
temperature dependence of the correlation frequency derived
from the analysis of the NSLR results in Crs® and CrgZn3® at
higher temperature. This comparison indicates that far from
level crossing the NSLR is determined at all temperatures by
the phonon-induced relaxation dynamics. Also the value of A”
is in reasonable agreement with the one obtained in Crg.'* The
values of the interaction parameter A” and of the broadening
parameter I'; are the same at both the first and the second LC.

2. NMR line broadening

The inhomogeneous broadening occurring at high
magnetic field when the molecular ring is in a magnetic
ground state is shown in the representative spectra displayed
in Fig. 9.

As it shown in Fig. 9, for fields lower than the first
LC (wH <22 T), the system is in the S =0 ground

14 1 i ' ]
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FIG. 9. Low temperature 'H NMR spectra at three different resonance
frequencies, i.e., different magnetic fields. Inset: the proton line width as a
function of magnetic field at T=1.7 K.
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state where the local magnetic moment is also zero due
to quantum fluctuation of spins. Thus, below the first LC
a narrow 'H NMR spectrum is observed at the frequency
51.0912 MHz (uoH =1.2 T). The width is due to the
nuclear-nuclear dipolar interaction plus an inhomogeneous
contribution due to the distribution of local fields generated
at the non-equivalent protons sites by the small average
moment of the Cr spins due to the thermal molecular
population of the first magnetic excited state. The second
spectrum (green one) was measured at 234.168 MHz where
the system becomes magnetic as the result of the first
level crossing. In the magnetic state the average moment
of the Cr ions is larger and consequently the inhomogeneous
broadening becomes also larger and dominant. For fields
above the second level crossing, the ground state becomes
even more magnetic and correspondently the broadening
increases. Over the whole field range the proton NMR line
width is approximately proportional to the external magnetic
field as shown in the inset of Fig. 9, indicating that the
molecular ring remains in a paramagnetic state without spin
freezing.

V. SUMMARY AND CONCLUSIONS

To conclude, the comparison of single-crystal CrgZn
AF ring NMR investigation with torque and specific heat
measurements confirms the presence of an almost zero level
repulsion gap at the first ground state LC and a small (but finite)
anti-crossing gap at the second LC. This proves that combined
techniques like torque magnetometry, NMR, and specific heat
as well as magnetization measurements provide a powerful
tool to study the level crossing mechanisms in molecular
clusters. The experimental data are interpreted by introducing
a minimal spin model Hamiltonian, in which the presence
of level repulsion at the second LC is accounted for by the
inclusion of a Dzyaloshinskii-Moriya interaction. The first
two ground state level crossings were found at poH,; = 2.15 T
and poHc, = 6.95 T. While magnetization measurements are
not able to distinguish between a true level crossing or a
small anti-crossing, torque measurements at different angles,
together with NSLR measurements, indicate the presence of
a small, but finite, energy gap at the second level LC. The
broadening of the peaks in torque, magnetization and 1/T}
suggests a distribution of parameters in the spin Hamiltonian
due to local disorder (J strain), compatible to a similar effect
observed in Cr;Ni. The J strain has thus been demonstrated
to have, together with Dzyaloshinskii-Moriya interaction, a
crucial role in the behavior of such quantities at energy level
crossings in finite spin segments.

Remarkably, the NMR spin-lattice relaxation rate shows
a peak at LC’s which has been shown to be due entirely to
inelastic nuclear relaxation mechanism in contrast with Crg,
where both elastic and inelastic contributions are present at
LC."? The enhancement of the NSLR at LC is also responsible
for a loss of the NMR signal. This wipe-out effect which was
observed for the first time at level crossing in molecular
magnets and it is explained in terms of the enhancement of
the spin-spin relaxation rate 1/T, around the critical crossing
field in agreement with the enhancement of 1/T}, both being
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due to the strong inelastic nuclear spin-lattice relaxation at the
almost gapless level crossing.

ACKNOWLEDGMENTS

This work was financially supported by the Italian
FIRB Project No. RBFRI2RPDI of the Italian MIUR
“New Challenges in Molecular Nanomagnetism: From Spin
Dynamics to Quantum-Information Processing.” Very useful
discussions with P. Santini, G. Amoretti, G. Allodi, and R.
De Renzi are gratefully acknowledged. L. Bordonali and M.
Mariani are acknowledged for help in some experimental
measurements.

APPENDIX: THE WIPE-OUT EFFECT

An interesting effect (wipe-out) is observed at the level
crossing consisting in a loss of NMR measured signal intensity
around the critical fields. While such wipe-out effect was
previously observed in molecular magnets by studying the
NMR signal as a function of the temperature, in the present
work, we report the first observation of a wipe-out effect as
a function of external magnetic field. The effect is shown in
Fig. 10 where we report the amplitude of the measured proton
NMR signal M,,(0) divided by the applied magnetic field in
order to eliminate the effect of the Boltzmann population
of the nuclear Zeeman levels, as a function of H. The
absolute value of the proton NMR signal was determined
by the echo amplitude of the decay curve extrapolated back
at t =0, considering that the decay of the echo signal
follows an exponential law over the whole delay time
range.

We analyze the effect by means of the model introduced in
Ref. 37. The starting point is the description of the mechanism
for the irreversible decay of the nuclear magnetization which
is described by the spin-spin relaxation rate parameter 1/T,. In
a nonmagnetic molecular crystal where the protons are rigid
in the lattice, the transverse relaxation is due to the dipolar
interaction among the proton nuclei. This dipolar contribution

1,2 T T T T T T T T T T T T T T T T
9 dataT=17K
The result of fit

oLy

0,8
0,6

0,4-

Myy(0)H (a.u.)
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0,0 T T T T T T T T T T T T T T T T T
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FIG. 10. The magnetic field dependence of the normalized 'H NMR signal
intensity, i.e., Mxy(0)/H. Solid line is the theoretical curve discussed in the
text.
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is T and H independent and is of the order of the inverse
line-width of the NMR line, i.e., about 20 kHz. It should
be noticed that this value of the NMR line-width can be
observed just at high temperature (T > 150 K), as when the
temperature is decreased the nuclei are subjected also to the
hyperfine interaction with the magnetic ions, which broadens
sensibly the spectrum. This interaction has a static component
which determines an inhomogeneous broadening of the NMR
line which generates a reversible decay of the transverse
nuclear magnetization which does not contribute to T,. On the
other hand, the time dependence of the hyperfine interaction
generates spin-lattice and spin-spin nuclear relaxation. Based
on weak collision theory and fast motion approximation, 1/T,
can be expressed in terms of the spectral density of the
fluctuating hyperfine field at zero frequency as>®*

1 1

r — 0),
LA )

Py 2
3 (012} 1w =0) = 32 o -

(A)

wherey?, (§H2) is the average square of the nuclear-electron
dipolar interaction whereby 0Hz is the local longitudinal
fluctuating field originating from a magnetic moment sitting
at a distance r apart from the proton spin. The spectral density
function, f(w), is the Fourier Transform of the correlation
function
flw) o« / (S;+(1)S;-(0)) e~ dt. (A2)
By assuming for the time dependence of the two-spin
correlation function in Eq. (A2) an exponential function with
a time constant 7 (correlation time), from Egs. (A1) and (A2)
one has
| (6/13)

T2 SN }’6

7(H,T). (A3)

The correlation time can be temperature or magnetic field
dependent and the validity of Eq. (A3) ceases when one crosses
the limit of the fast motion approximation, namely, when 7
becomes of the order of the inverse of the interaction frequency
w = y,0 H, with y, the nuclear gyromagnetic factor. In the
slow motion approximation, the nuclear-electron hyperfine
interaction becomes static and it generates an inhomogeneous
broadening of the NMR line. Normally the contribution to
1/T, described by Eq. (A3) is negligible compared to the
nuclear dipolar interaction and can be disregarded. However,
in presence of slowing down of the magnetic fluctuations
or, as in our case, in the vicinity of a LC this contribution
can become dominant and be responsible for the wipe-out
effect. In fact the dependence of 1/T, from the distance r of
the inequivalent protons with respect to the magnetic ions
gives rise to distribution of 1/T, values. As a result, when
the correlation time of the magnetic ions becomes gradually
longer T, becomes shorter and eventually crosses the limiting
value of the instrument 7, below which the signal cannot be
detected in the experimental setup. In addition, if this increase
of the correlation time is assumed to be monotonic, it is
expected that the critical value of 7 is progressively reached
by all the proton sites, with the ones closer to magnetic ions
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being wiped out first, generating a gradual loss of the NMR
signal intensity.

In order to obtain a quantitative model one can assume
one central magnetic ion surrounded by a large number of
protons uniformly distributed at distance up to a maximum
value R*, the number density being p = ng/[(47/3)R*] where
ng is the total number of protons in each molecule. Being
in the regime of the wipe-out effect, and for a certain value
of the correlation time, there is a certain number of protons
having a T, value faster than the critical value. These protons
are enclosed within a notional sphere of radius r. and do not
contribute to the measured signal intensity. On the other hand,
the protons located outside this sphere can be detected and
their number n(T, H) can be written as

re\?
n(T.H) = no[1 - (R—) 1

The value of the critical radius r. in Eq. (A4) can be
obtained from Eq. (A3) setting 7;' = 7,'. Then one can
express n(T, H) in terms of 7 as’’

(A4)

YNVTan (0112
n(T’H)zl_ NVTa 3(#) (AS)

o % NT(T,H).

Eq. (AS) describes the wipe-out effect due to the slowing
down of the fluctuations upon lowering the temperature.

In the present work, we extend this model for the wipe-out
effect at the level crossing. Thus, we redefine the meaning
of the correlation time 7 in Eq. (AS). This can be done
by observing that the inelastic term in Eq. (6) contains the
spectral density of the fluctuations at the Larmor frequency.
Since according to Eq. (Al), the spin-spin relaxation rate
depends on the spectral density of the fluctuations at zero
frequency one has

1 . I(T)
T, O wlfilo(rg(T) T (- AI)Z)
[(T)

~ ————— ~ 7'(H).
IAT) + A3

(A6)

We have made the tacit assumptions that the spectral
density of the transverse hyperfine field fluctuations entering
the 1/T; theory is the same as the spectral density of the
longitudinal (with respect to the external magnetic field)
fluctuations entering the 1/T, theory. The assumption should
be valid for an isotropic Heisenberg magnetic system.

By replacing in Eq. (A6) the effective correlation time 7*
(H) defined in Eq. (A5) one finally obtains

Iy (T)
- A\/ TXT) + A> (A7)

where A, a constant parameter, includes the critical value
for the detection time of the instrument and the size of the
limiting hyperfine interaction and A; is ascribed to the gap
between the ground state and the first excited state which is
given by Eq. (7). The experimental results are fitted well by
Eq. (A7) (see Fig. 10) in the case of the first level crossing
with parameters in agreement to those obtained from the 1/T)
analysis. Although this model is very approximate, it appears

M_xy(o)) N n(T,H) _

( H no




244321-10 Adelnia et al.

to be able to interpret the wipe-out effect at LC and to confirm
the importance of the inelastic mechanism for NSLR.

The other two dips in the M,y (0)/H graph around
wH, = 4.4 T and pgH¢, = 6.9 T correspond to the first excited
states LC and the second ground state LC, respectively. NMR
results give evidence of the LAC at yoH. = 4.4 T, in agreement
(within the error-bar of 0.1 T) with specific heat measurements.
Unfortunately, the analysis of the wipe-out results in Fig. 10
for these LC’s is more complicate due to the combination of
T, shortening and broadening effects of the NMR line and
will not be attempted here.
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