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Evidence of spin singlet ground state in the frustrated antiferromagnetic ring CrgNi
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The magnetic properties of an odd spin number antiferromagnetic ring CrgNi have been investigated by
high-field magnetization, specific-heat, and nuclear-magnetic-resonance measurements at very low tempera-
tures (below 1 K). It is found that the ground state of this frustrated spin ring is a singlet state with total spin
value St=0 and zero expectation value of the local spins. The energy-level structure for low-lying excited total
spin state St # 0 shows a breakdown of the Landé interval rule in agreement with theoretical results. Evidences
of sizeable Dzyaloshinski-Moriya interactions have been found in the magnetic-field dependence of low-

temperature specific-heat and magnetization data.
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I. INTRODUCTION

Recently there has been intense experimental and theoret-
ical effort in synthesis and investigation of nanoscale mo-
lecular magnetic systems, which are composed of a control-
lable number of transition-metal ions.! A shell of organic
ligands shields the individual molecular magnets from each
other so that the magnetic interaction between the neighbor-
ing molecular magnets is very small and the observed mag-
netic properties of the bulk samples are considered to origi-
nate from intramolecular magnetic interactions only. The
discovery of quantum-phenomena-like quantum tunneling of
the magnetization (QTM) observed in single molecule mag-
nets (SMM) such as Mnj,-ac (Ref. 2) and Feg (Ref. 3) has
further increased the interest in the investigation of nano-
scale molecular magnets. Among nanoscale molecular mag-
nets are antiferromagnetic (AF) rings that have an almost
coplanar ring shape with a number (N) of transition-metal
ions. Even-number AF rings with N=6, 8, 10, 12, and 18 are
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relatively common for transition-metal ions with different
spins such as Fe** (s=5/2),*7 Cr** (s=3/2),2 V3* (s=1),°
and Cu** (s=1/2)."9 A common feature of all even-number
rings is to have a spin singlet St=0 ground state due to the
dominant antiferromagnetic Heisenberg exchange couplings
between nearest-neighbor spins. Due to the finite-size ef-
fects, AF rings have a discrete energy spectrum and the
lowest-lying excited states for the total spin St is known to
be approximately given by so-called Landé interval rule
E(S1)=(J/N)St(St+1), where J is the antiferromagnetic
exchange coupling constant.!!

In the case of odd-number AF rings, magnetic properties
are expected to be changed drastically due to spin frustration.
The simplest systems of odd-number molecular AF rings are
the s=1/2 three spin system with an antiferromagnetic inter-
action known as Vs (Ref. 12) and Cus.!? In these frustrated
triangular AF spin systems, the ground state is a magnetic
St=1/2 state.'> Odd number AF rings with N>3 have been
more difficult to synthesize. Quite recently a breakthrough in
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FIG. 1. (Color online) (a) Schematic view of CrgNi. (b) Tem-
perature dependence of magnetic susceptibility of CrgNi from Ref.
14. The solid line shows the theoretical calculated results from Eqgs.
(1) and (4).

the synthesis of a new family of odd-number AF rings with
N=9 was achieved.'*"'® A heterometallic Cr-based ring-
Shaped AF magnet (C2H11)ZNHz{CrsNiFQ[Ozcc(CH3)3]18}
(abbreviated as, CrgNi) was synthesized by Winpenny and
co-workers.'*!3 As a matter of fact CrgNi is the first odd-
number AF ring with N> 3. This system has spin frustration
effects because all antiferromagnetic interactions cannot be
simultaneously satisfied. In this respect, this system can be
regarded as a magnetic analog of the Mébius strip.'* Since
for an odd number of spins with AF interactions it is impos-
sible to have antiparallel alignment for all nearest-neighbor
spins, the region where the spins are not antiparallel to each
other can be considered as a knot of the Mobius strip.

The precursor of CrgNi is an even-number AF ring
{CrgFg[Ozcc(CH3)3]16}0.25C6H]4 (ln ShOI’t, Crg) whose
ground state is a spin singlet S;=0 state due to AF interac-
tion (Jonc,~16.9 K) between nearest-neighbor Cr’*
(s=3/2) spins.!” The CrgNi is basically obtained by the in-
sertion of a Ni** (s=1) ion into the Crg ring. The schematic
structure of the core of CrgNi is shown in Fig. 1(a). The
metal ions are bridged by one fluorine ion and two
(CH5);CCO, radicals.'* The antiferromagnetic interactions
between the Cr ions, and between the Cr and the Ni ions are
reported to be Jo.o,=16 K and J, =70 K, respectively,
from the fit of the temperature dependence of magnetic sus-
ceptibility y which shows peaks around 2 and 25 K [see Fig.
1(b)]."* From the fitting of the magnetic susceptibility in the
temperature range 7=1.6—-300 K, it is also inferred that the
ground state is a singlet St=0 and that the first-excited state
is a St=1 state at 3.7 K from the ground state. The fit was
based on a spin Hamiltonian that included Heisenberg ex-
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change terms only.'* The conclusion about the singlet ground
state in this frustrated ring is interesting and it thus requires
more direct experimental evidence. In order to elucidate the
ground state of the CrgNi system from experimental point of
view, it is important to investigate the magnetic properties at
much lower temperature, i.e., well below the lowest energy
gap. In this paper, we have carried out high-field magnetiza-
tion, specific-heat, and nuclear-magnetic-resonance (NMR)
measurements at very low temperatures down to 0.1 K. Our
experimental results clearly show an evidence of a spin sin-
glet ground state for the CrgNi system and allow us to estab-
lish the energy separation of the low-lying quantum magnetic
states. The experimental results are in good agreement with
predictions from theoretical calculations. Interestingly, the
width of the steps in the field dependence of the magnetiza-
tion and the lack of sharp minima in the field dependence of
the specific heat show that sizeable Dzyaloshinski-Moriya
(DM) interactions are present, and lead to anticrossings
(ACs) between states of different total spin.

II. EXPERIMENTAL

Polycrystalline  samples of  (C,H;;),NH,[CrgNiF,
(O,CC(CH3)5) 4] were prepared as described in Ref. 14. The
magnetization curve was measured using a pulsed magnet up
to 55 T at 7=0.1 K utilizing a 3He-*He dilution refrigerator
at the Institute for Solid State Physics (ISSP) of the Univer-
sity of Tokyo. The duration of the pulse is about 5 ms. The
specific heat was measured by the relaxation method with
two time-constant data fitting utilizing a Quantum design
physical property measurement system (PPMS-14T) with a
He cryostat at the ISSP. The 'H NMR measurement was
carried out utilizing a homemade phase-coherent spin-echo
pulse spectrometer down to 0.05 K using a dilution refrig-
erator at Hokkaido University. The 'H NMR spectra were
obtained from Fourier transform (FT) of the half-echo signal
at a fixed magnetic field.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows the magnetization (M) curves for CrgNi
at 7=0.1 K for increasing magnetic fields, where a clear
stepwise increase in magnetization is observed. The magne-
tization curves are nearly the same with no sizeable hyster-
esis for the up and down magnetization processes at this
temperature. The magnetization rapidly increases step by
step with plateaus at ~2up, ~4up, ~6up, ~8up, and
~10up at the transition fields H, (n=1,2...). The level
crossing (LC) fields H, are determined by the peak positions
of the dM/dH curves [see, Fig. 2(b)] and are found to be
2.81, 12.8, 18.3, 23.5, and 28.5 T, for n=1, 2, 3, 4, and 5,
respectively. The linewidth (SH) measured at half amplitude
for each peak in dM/dH is estimated to be 3.07, 1.61, 1.69,
2.15, and 2.06 T for n=1, 2, 3, 4, and 5, respectively. These
values are much higher than the expected thermal width 0.26
T for T=0.1 K estimated from the equation OH
=3.53kzT/ gup with the assumption of g~2. As will be dis-
cussed below, the broadening is also too large to be attrib-
uted merely to the distribution of level crossing fields H, in
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FIG. 2. (Color online) (a) Magnetization curve of CrgNi mea-
sured at 7=0.1 K (black solid line). Red lines show the theoretical
calculated results from Eq. (1) for 7=0.1 K with a set of parameter
of ‘]Cr-Crz 14.7 K, JCr-Ni=85 K, dCr=_0'42 K, and dNi=_4'9 K
(dotted line; without DM interaction, solid line; with DM interac-
tion). (b) dM/dH curve at T=0.1 K. Red lines show the theoretical
calculated results for 7=0.1 K (dotted line; without DM interac-
tion, solid line; with DM interaction).

the powder sample and is thus an indication of the presence
of level anticrossing effects.

If the ground state of the system were magnetic, one
should observe a Brillouin function like increase for the ini-
tial magnetization. The observed convex downward initial
slope clearly proves a nonmagnetic ground state with an en-
ergy gap to the first-excited state. Thus the H,, can be attrib-
uted to the ground-state level crossing field from S;=0 to
St=1 for n=1, from St=1 to Sy=2 for n=2, and so on. The
separations in magnetic field between the level crossing
fields defined here as AH,=H,—H,_; (where H, is zero) are
shown in Fig. 3 as a function of n. The n dependence of H,,
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FIG. 3. (Color online) H dependence of AH,. Closed and open
symbols show experimental and theoretical results, respectively.
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FIG. 4. (Color online) H dependence of specific heat at T
=0.5 K. Red lines are theoretical calculated results for 7=0.5 K
(broken line; without DM interaction, solid line; with DM interac-
tion). The inset shows temperature dependence of specific heat
measured under zero magnetic field. Red solid line in the inset
shows calculated Cyy,. Dotted line shows Cj,ce calculated from
the Eq. (3) with a set of parameter of r=335, ®,=180 K, and &
=0.27.

for CrgNi does not follow the Landé interval rule, which
predicts a separation AH independent of 7.

Figure 4 shows the H dependence of the specific heat
Ciora1 at 7=0.5 K while the inset shows the temperature de-
pendence of specific heat C,, under zero magnetic fields.
The measured specific heat is the sum of a magnetic contri-
bution and a lattice contribution, i.e., Ciyu=Cpagt Ciatice:
However, as we will discuss later, the observed specific heat
at 7=0.5 K can be considered due mainly to the magnetic
contributions C,,,. A single broad peak is observed around
the first level crossing H;=2.82 T. At the second level cross-
ing, one can resolve two peaks at 12.1 and 13.7 T with a
small dip around 13.0 T. In presence of a level crossing one
should indeed observe two peaks with a dip in the middle.
This is due to a Schottky-type anomaly as it was observed in
even-number AF rings Fe, (Ref. 18) and Crg.'” The two-level
Schottky model predicts C,=[A(H)/kpT)?exp
[A(H)/kgT]/{1+exp[A(H)/kgT]}, a behavior which yields a
maximum when A~2.5kT. Near level crossing field, the
energy separation A(H) between two lowest-lying states can
be expressed approximately as A(H)~ gug|H,—H| and thus
two maxima are expected at H~ H,, = 2.5kzT/ gup with a dip
at H, where A(H) is smallest. In presence of a pure level
crossing the dip between the two Schottky-type peaks should
go down to zero since at level crossing A(H)=0 while in
presence of a level repulsion (level anticrossing) the dip can
be much less pronounced and it gives a measure of the gap at
the anticrossing.!® As shown in Fig. 4 a small dip superim-
posed on a broad maximum is observed only at the second
level crossing. The broadening of the peaks cannot be as-
cribed to the distribution of the level crossing fields in a
powder sample as will be demonstrated below in the discus-
sion of the broadening of the magnetization steps. Thus one
can conclude that, at both the first and second level cross-
ings, a sizeable gap exists between the two crossing levels
(level anticrossing).
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FIG. 5. (Color online) Temperature dependence of FWHA of
"H-NMR spectra in CrgNi (closed circles) at H=0.2 T and CryCd
(closed squares) at H=0.19 T. The inset shows a typical "H-NMR
spectrum in CrgNi at 7=0.1 K.

The spin singlet ground state in CrgNi is also revealed by
proton NMR spectrum measurements at H=0.2 T. We ob-
served a single narrow line of 'H-NMR as shown in the inset
of Fig. 5. The full width at half amplitude (FWHA) decreases
from ~62 kHz (~15 Oe) at T=1 K on lowering tempera-
ture and becomes almost independent of T [~42 kHz
(~10 Oe)] below ~0.6 K as shown in Fig. 5. The FWHA
~10 Oe can be explained by nuclear-nuclear dipolar inter-
actions. In fact the nuclear dipolar field between two protons
is of the order of yy#/r°~8.3 Oe when one assumes an
internuclear distance r=1.5 A (yy is the gyromagnetic ratio
of a proton). Thus we may conclude there is no magnetic
broadening in the spectrum due to the Cr and/or Ni spin
moments. This is consistent with a total spin St=0 ground
state and also with a zero expectation value for the local spin
component at each ion site. To check this conclusion, we
have measured the FWHA of 'H-NMR spectrum at nearly
the same magnetic field H=0.19 T in a similar odd-number
Cr-based AF ring (Mech)zNHz{Crgchg[OZCC(CHg,)g,]18}
(in short, CrgCd) which has a spin singlet ground state with a
first-excited spin triplet state at about 3 K above the ground
state.’%2! As shown in Fig. 5, the FWHA for both compounds
coincide at low temperatures within our experimental uncer-
tainty, indicating that the FWHA of about 10 Oe originates
from the nuclear dipolar interaction, which is the same for
isostructural CrgNi and CrgCd.

IV. THEORETICAL ANALYSIS

We turn now to a quantitative comparison of the experi-
mental results with the theoretical calculations. The starting
spin Hamiltonian for the odd-number AF ring is

7
H=Jeeni(s1 - Sni+Sg - Sni) + 2 JeresSi - Sinn

i=1

8
1
+ 2 dCr(‘Yg(l) - §SCr(SCr + 1))
i=1

1
+ dNi(SiNi - gsNi(sNi + 1))
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FIG. 6. Magnetic-field dependence of the low-lying energy lev-
els of CrgNi without (top) or with (bottom) DM interactions de-
scribed by Eq. (4). The fields make an angle of 45° with the z axis.
For each value of H the ground-state energy has been set to zero.

8
- gCr:uBE H-s;— gnimsH - snis (1)

i=1

where i labels the eight Cr ions (spin). The first and second
terms describe the dominant isotropic Heisenberg exchange
interaction. We assume two different exchange constants:
one between Cr and Ni spins (J¢,.ni), and another one be-
tween Cr spins (J¢,.c,). The third and fourth terms describe
local crystal fields (d¢, and dy; represent uniaxial anisotropy
constants for Cr and Ni ions, respectively), and the fifth and
sixth terms are the Zeeman interactions. The two exchange
parameters have been determined to be Jq.c,=14.7 K and
Jorni=85 K by fitting magnetization and susceptibility data.
Reasonable values of di, and dy; turn out to produce tiny
effects in the powder properties. Hence we assume dc,
=-0.42 K as in the parent CrgZn compound®? and the same
ratio of d, to dy; as in Cr;Ni,?? yielding dy;=-4.9 K.

The Hamiltonian is diagonalized by following the proce-
dure described in Ref. 17. The calculated eigenstates and
eigenvalues have been used to evaluate the H dependence of
the magnetization and of the magnetic specific heat (Cy,o),
as well as the T dependence of x and Cp,,,. Since we used
polycrystalline samples, all calculated results are powder av-
eraged where molecules are assumed to be randomly ori-
ented. Therefore the calculated results can be compared di-
rectly with the experimental observations. By using gc,
=1.98 and gy;=2.2, the T dependence of y [see the solid line
in the Fig. 1(b)] and the position of the observed level cross-
ing fields H,, are well reproduced [see Fig. 2(b)]. The n de-
pendence of H, is also well reproduced by the theory as
shown in Fig. 3. On the other hand, the width of the calcu-
lated peaks in the dM/dH curve is much smaller than the
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experimental results as shown in Fig. 2(b). The origin of the
broadening of the magnetization steps is likely to be the
same as the origin of the broadening of the specific-heat
peaks and is discussed after the presentation of the specific-
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heat results.

The temperature dependence of the calculated specific
heat Ciou(=Cinag+ Clagice) is shown by a red solid line in the
inset of Fig. 4. Cp,, was calculated from the equation®’

tonl- S enl- )| Seonl -2

with eigenvalues &; obtained from Eq. (1). R is the gas con-

stant with 8.3141 J mol~' K~'. The lattice contribution to

C\ora has been estimated from a phenomenological mode>*
Clatlice _ 234r T3

R (Op+ 677

3)

where r is the number of atoms per molecule, and ®p and &
are parameters. For CrgNi, we used r=335, ©,=180 K, and
6=0.27 which are very close to those reported for the isos-
tructural AF ring CrgCd.?° The broken line in the inset of Fig.
4 shows the calculated Cy;... Note that the specific heat at
low temperatures (below 1 K) is dominated by the magnetic
contribution (Cy,,,). The calculated Coy, resulting from the
sum of Cp,e and Cygices 18 in good agreement with the ex-
perimental data (inset of Fig. 4). It should be noted that we
did not use any scaling factors to fit the experimental data by
the calculation. On the other hand the calculated Cy,,, at T
=0.5 K as a function of H, shown by a broken line in Fig. 4,
is not in good agreement with the experiments. The problem
is the remarkable broadening of the peaks in the experimen-
tal specific heat at level crossings, which should have the
same origin as the broadening in the magnetization steps (see
Fig. 2) and is not reproduced by calculations based only on
Eq. (1). We have already introduced reasonable single-ion
terms in the calculations; hence the broadening effects in the
experiment cannot be simply attributed to a distribution of
H, due to the random direction of crystal-field anisotropy
axes in a powder sample. In principle, a distribution of ex-
change parameters from molecule to molecule resulting from
disorder (J strain) might produce a broadening. For instance,
in Cr;Ni, a distribution with standard deviation of the order
of 2.5% was found.?> However we find that an unrealistically
large value for the standard deviation has to be assumed to
account for the entity of the observed effects. In addition, the
effect of J strain on the minimum in Cy,,, at 2.7 T is much
smaller than that on the minimum at 13 T, whereas in experi-
mental data the broadening is of the same entity in the two
minima.

On the other hand, if the LCs are not true crossings but
level anticrossings, Cy,,, does not vanish at H, because the
energy separation between two lowest-lying states, A(H), re-
mains finite. By considering only the lowest multiplet for

C [Sedl- ) | ?

each value of S, even-S and odd-S multiplets belong to dif-
ferent irreducible representations of the ideal spin permuta-
tional symmetry of Eq. (1). Therefore crossings can be
turned into anticrossings only by including in the Hamil-
tonian terms which break this symmetry, for instance, site-
dependent Cr crystal fields. However, this kind of symmetry
lowering would not significantly affect the first crossing at
2.7 T. In fact, only a DM interaction can directly mix the S
=0 and S=1 multiplets because it is the only term (beside the
Zeeman term which does not break spin permutational sym-
metry) which is described by rank-one complex tensor op-
erators Tj and because if K>1(S=0|Tj|S=1)=0. Hence,
the absence of a minimum in C,,, at 2.7 T provides strong
evidence of the presence of DM interactions in the micro-
scopic Hamiltonian. The most likely sources of this interac-
tion are the two Cr-Ni bonds because the inversion symmetry
is maximally broken and the exchange interaction is the
strongest. In addition, the orbital degrees of freedom which
are behind the DM interaction are much less quenched in
Ni?* than in Cr** ions. To investigate the effect of DM inter-
actions, we have made calculations assuming the simplest
possible choice for their form:

Hpm=D - (sg X syg) + D - (s X 89), (4)

where we assume the two DM vectors to be equal and par-
allel to the z axis. The actual DM vectors are very likely to
be different than in Eq. (4) but our aim is not to look for a
best fit of the data but merely to assess whether or not the
DM interaction is a realistic mechanism to explain the ob-
served behavior. We assume for the modulus of D the typical
value D=0.1J¢,.n;- The resulting spectrum is compared with
that obtained for D=0 in Fig. 6. Sizeable anticrossings open
up at H, with an amplitude depending on the angle between
the applied field and the z axis. The effect on Cy,,, is shown
by the red solid line in Fig. 4. The DM interactions remove
the sharp minima at H,, in agreement with the experimental
results. In addition, the width of steps in the calculated field
dependence of M is in very good agreement with experimen-
tal data as shown by the red solid line in Figs. 2(a) and 2(b).

Having established the main interactions appearing in the
microscopic Hamiltonian, we can study the properties of the
resulting ground state for H=0. Since isotropic exchange is
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FIG. 7. (Color online) Quantum and classical static two-site
correlations resulting from the exchange part of Eq. (1).

the dominant interaction we focus on the ground state of Eq.
(1), neglecting crystal-field and DM interactions, which do
not qualitatively affect the ground-state properties. In order
to investigate the structure of the ground state and, in par-
ticular, how this is affected by frustration, we have used the
following coupling scheme |S;g,S3955275536552736>S45
Sy73645, 51,2 where Sijt... are quantum numbers for the
modulus of S;+8;+S;+---. The Ni ion is assumed to be in
site 9. We have found that the S;=0 ground state (and the
lowest multiplet for each value of St up to Sp=11) is formed
by states with S;g=3 and S,39=2 for about the 95%. This
indicates that the Cr spins on sites 1 and 8 are practically
locked antiparallel to the Ni spin, and parallel to each other.
This originates from the much larger value of Jo ;=85 K
with respect to J,.o,=14.7 K. Thus these three spins behave
as an effective spin-2 degree of freedom antiferromagneti-
cally coupled to the two neighboring Cr spins. To character-
ize the magnetic alignment of the spins in the ground state,
we have calculated static zero-temperature two-site correla-
tions (S;-S;) and the corresponding quantities for the classi-
cal Hamiltonian corresponding to Eq. (1). For the latter the
spins are treated as classical vectors of length vS,(S;+1). We
focus in particular on correlations of the eight Cr spins with
the Ni spin, shown in Fig. 7(a), and on nearest-neighbor
correlations shown in Fig. 7(b). Correlations (Sy;-S;) and
(Sni-Sg) reflect the above-mentioned locking of the three
spins in an St=2 state. The meaning of the remaining
(Sni*S;) correlations can be understood by inspecting the
vector structure of the classical ground state (see Fig. 8),
which shows a pattern of correlations similar to that of the
quantum ground state: classically, the spins are oriented in a
noncollinear fashion due to spin frustration. For example, the
Cr spins at sites 4 and 5 are almost lying in a plane perpen-
dicular to the Ni spin which corresponds to nearly vanishing
correlations (Sy;-S4) and (Syi-Ss) as shown in Fig. 7(a).
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FIG. 8. (Color online) One of the configurations minimizing the
energy of the exchange part of the classical version of Eq. (1). The
green and blue cones represent Cr and Ni spins, respectively.

Quantum mechanically, the St=0 ground state of CrgNi ap-
proximately resonates among the infinite equivalent classical
configurations. Therefore local magnetic moments vanish at
low temperature due to quantum fluctuations, which is di-
rectly revealed by present NMR measurements.

V. SUMMARY AND CONCLUSIONS

We have investigated both experimentally and theoreti-
cally the energy structure of low-lying quantum total spin
states in an odd-number antiferromagnetic ring CrgNi. High-
field magnetization and specific-heat measurements at low
temperatures (below 1 K) give clear evidence for a spin sin-
glet ground state at zero magnetic field in agreement with
theoretical calculations based on a Hamiltonian including
Heisenberg, crystal-field, and Dzyaloshinski-Moriya interac-
tions. We have determined the energy sequence of the ex-
cited states, which is also in agreement with the theoretical
calculations. The field dependence of the specific heat and
the widths of the magnetization steps provide strong evi-
dence of the presence of level anticrossings due to antisym-
metric terms in the Hamiltonian. The Cr spins in the ground
state are revealed to have noncollinear orientations due to
spin frustration in classical configuration. This is different
from the case of nonfrustrated antiferromagnetic ring cluster
such as CrgCd,?! where Cr spins align antiferromagnetically
in the spin singlet ground state for classical picture. The
proton NMR measurements also confirm the singlet ground
state of the CrgNi and reveal that the local spin density is
zero in the ground state as a result of quantum fluctuations
among frustrated local spin configurations.
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