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Effects of the Dzyaloshinskii-Moriya interaction in 

[Cr3O(O2C
t
Bu)6(H2O)3](O2C

t
Bu) HO2C

t
Bu 

.
2EtOH 

triangular spin clusters detected by specific heat and 

multi-frequency electron spin resonance 

Alberto Ghirria,*, Johan van Tolb, Inigo Vitorica-Yrezabal,c Grigore A. Timcoc 
and Richard E. P. Winpennyc. 

An oxo-centered [Cr3O(O2C
tBu)6(H2O)3](O2C

tBu) HO2C
tBu .2EtOH triangular cluster has been 

synthesized and its magnetic properties have been studied by means of complementary techniques, 
namely magnetometry, specific heat and multi-frequency Electron Paramagnetic Resonance (EPR). 
Measurements on oriented single-crystals evidenced the presence of anisotropy that we attributed to the 
combined effect of Dzyaloshinskii-Moriya exchange interaction and distortion. By means of a minimal 
set of parameters, we show that a simple analytical model well describes the main features of the full set 
of experimental data. 
 
 

Introduction  

A spin triangle with antiferromagnetic nearest-neighbour 
exchange represents the simplest paradigm of spin frustrated 
system: three half-integer spins cannot all be anti-parallel 
aligned and this may result in a degenerate ground state [1]. 
The extensive investigation of triangular spin clusters [2], 
however, has evidenced that the magnetic properties of these 
systems are very sensitive to small interactions, such as 
Dzyaloshinskii-Moriya exchange or Jahn-Teller distortion, 
that are beyond the Heisenberg model and that have the 
effect of lifting the ground state degeneracy [3, 4]. Owing to 
their particular properties, spin triangles have been proposed 
for the encoding of spin qubits [5] or for the observation of 
the spin-electric effect [6].  
The Dzyaloshinskii-Moriya interaction [7], also known as 
antisymmetric exchange, manifests the tendency of the spins 
to be oriented perpendicular to each other, instead of 
(anti)parallel as for the isotropic Heisenberg exchange [8]. 
This interaction is at the basis of spin canting in weak 
ferromagnetism and is relevant for multiferroicity [9-11]. Its 
effects have been also invoked to explain particular features 
of molecular nanomagnets, such as forbidden tunnelling 
steps in single-molecule magnets [12], higher order 
anisotropy in Ni4 [13], EPR transitions in Cu3 [14, 15] and 
V15 [16]. Recently, the antisymmetric exchange has been 
exploited to introduce anisotropy in a Ru2Mn heterometallic 
triangle [17]. 
The synthesis of the first Cr3 cluster dates back to 1908 [18], 
and many variants of the Cr3 triangle have been reported 

ever since [2, 19-21]. Crystallographic data, normally taken 
at room temperature, often indicate that the Cr3+ ions are 
positioned at the vertices of an almost equilateral triangle. 
Measurements at low temperature suggest that distortions of 
the molecular structure occur [19, 22, 23], which lower the 
trigonal symmetry. In such a way the Heisenberg model 
accounts for the splitting in two doublets of the otherwise 4-
fold degenerate ground state. Indeed, the zero-field splitting 
has been ubiquitously detected by means of experiments in 
zero magnetic field [24, 25]. To obtain a quantitative 
agreement with the experimental data, different theoretical 
models have been proposed [20-22, 24-27]. The 
Dzyaloshinskii-Moriya interaction, which has been 
successfully introduced in Cu3 to describe the low-
temperature susceptibility and the observed EPR transitions 
[14], provides the most plausible explanation for the 
anisotropic g-factors observed in different Cr3 triangles [2, 
20, 21]. 
Here we report the synthesis of single-crystals of 
[Cr3O(O2C

tBu)6(H2O)3](O2C
tBu) HO2C

tBu .2EtOH, 
hereafter for commodity referred as Cr3, and the study of the 
magnetic properties by means of complementary techniques 
such as magnetometry, specific heat and multi-frequency 
electron paramagnetic resonance (EPR). Our results 
evidence the effects of the Dzyaloshinskii-Moriya 
interaction and find excellent agreement with existent 
analytical models that include both Dzyaloshinskii-Moriya 
exchange and distortion [27-29]. 

Synthesis and structural description 
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The compound [Cr3O(O2C
tBu)6(H2O)3](O2C

tBu) was synthesised 
by reaction of hydrated chromium nitrate with pivalic acid at 
160° C for around 5 hours, until all NO2 gas evolution had 
ceased. The compound was recrystallized from EtOH, giving 
crystals of the solvate [Cr3O(O2C

tBu)6(H2O)3](O2C
tBu). 

HO2C
tBu. 2 EtOH. The crystals form in a hexagonal space group, 

which allows the cationic cluster [Cr3O(O2C
tBu)6(H2O)3]

+ to sit 
on a crystallographic three-fold axis (Figure 1). The Cr…Cr 
distances within the equilateral triangle are 3.2815(5) Å. The 
triply bridging oxide sits on the three-fold axis. The local 
symmetry of each chromium is a distorted octahedron with six 
bonds to O atoms. One from µ3- bridged oxygen atom at the 
center of the triangle, four from six pivalate ligands bridge the 
edges of the triangle, and one from three water molecules in 
terminal sites of the metal ions. The charge of 
[Cr3O(O2C

tBu)6(H2O)3]
+ is balanced by an additional pivalate  

that forms  intermolecular hydrogen bonds to trinuclear units in 
the lattice. X-ray data for compound 
[Cr3O(O2C

tBu)6(H2O)3](O2C
tBu) HO2C

tBu .2EtOH was collected 
at a temperature of 150 K 

Magnetic measurements 

The susceptibility-vs-temperature curve was measured on a 
polycrystalline sample of Cr3 in the temperature range 2 K < 
T < 300 K (Figure 2a). The χT product shows a progressive 
decrease with decreasing temperature, as expected for 
antiferromagnetic exchange interactions (Figure 2b). The 
plateau at 0.35 emu K mol−1, reached for T~4 K, is 
compatible with a spin 1/2 ground state. Below 4 K, a 
downturn of the χT product is observed, which become more 
pronounced in the χT-vs-T curves measured in applied 
magnetic field up to 7 T (Figure 2b). Figure 2c shows the 
magnetization curve at 2 K measured as a function of the 
external field (B). 

Specific heat 

Specific heat (C) was measured as a function of temperature 
on single crystals of Cr3 (Figure 3). In zero field, the lattice 
contribution (Clatt) dominates the specific heat curve at high 
temperature. In contrast to the chloride salt Cr3 triangle [22], 
for [Cr3O(O2C

tBu)6(H2O)3][O2C
tBu] we did not observe any 

evidence of phase transition in the range 0.3-300 K. For T<6 
K a Schottky anomaly peaked at T≃2 K becomes clearly 

visible above Clatt. To evaluate the separated contribution, 
we estimated the lattice specific heat as [30]: 

�����
� = 234 
 �

�D
��

 ,  (1) 
where R=8.314 J K-1 mol-1, θD=40 K and α=2.7 (dashed line 
in Figure 3). For two degenerate energy levels, the Schottky 
anomaly can be expressed as: 

��
� = � 
��

� �� ���
��
� �

���� ���
��
� ���  ,  (2) 

where ρ is the degeneracy ratio of the energy levels. The 
best fit of C/R-vs-T is obtained for ρ=1 and T0=5.2 K (dash-
dot line in Figure 3). This indicates the presence of two 
doublets separated by 5.2 K. Note that below 1 K the 
specific curve tends to zero, as expected for a Kramers 
doublet. 
Figure 4 shows the C/R-vs-T curves measured under applied 
B. Two different orientations were measured, which 
correspond to B parallel to the c-axis (θ = 0), and B lying 
parallel in the triangle plane (θ = π/2). For B = 0.5 T an 
additional Schottky anomaly appears at low temperature 
that, for increasing field, is shifted toward higher T 
according to the Zeeman energy of a spin 1/2 state. Note that 
for each field the C(B) curves measured for θ = 0 and π/2 
show a different behaviour, clearly stating the presence of 
anisotropic effects. 

High frequency EPR 

Continuous wave EPR measurements were carried out at 
~120, 241 and 336 GHz on an oriented single-crystal of Cr3. 
Figure 5a shows a field sweep in the range 0-12 T. The 
temperature dependence of the EPR resonances found 
between 8.2 and 9.2 T is shown in Figure 5b. At 15 K at 
least three peaks are visible. They reduce, for T=10 K, to 
two well-defined resonances at 8.677 and 8.738 T, which 
correspond respectively to effective g-factors of 1.985 and 
1.971. For decreasing temperature the former progressively 
weakens, suggesting that its origin is in the higher lying 
doublet. We can thus assign g1=1.971 to the lower doublet 
and g2=1.985 to the higher doublet.  
A series of 241 GHz EPR spectra were measured for 
different θ angles (Figure 6a) at 4 K. The rotation about an 
axis in the ab plane give rise to the progressive overlap of 
the two resonances measured for θ = 0 and to the formation 
of a broad derivative peak for θ = π/2. This is also 
accompanied by the decrease of the intensity of the EPR 
signal and suggests the presence of two inequivalent 
orientations of the Cr3 clusters in the ab plane. The 
resonance position shifts to ~8.2 T at θ = π/2, which 
corresponds to an increase of the effective g-factor to 2.10. 
Weaker resonances are visible also at about 8.9 T whose 
origin has not been clearly identified. 
To probe other regions of the energy level diagram we 
acquired EPR spectra also at 336 GHz and 120 GHz. For θ = 
0, the shift of the field position of the EPR resonances is 
linear according to ℎ /"�(�)%& and confirms the values of 
"� and "� extracted at 241 GHz. Conversely, for θ ≠ 0 the 
shift is not linear. At 336 GHz, the resonance peaks shift 
from 12.1 T (θ = 0) to 11.8 T (θ = π/2) (Figure 6b), thus the 
latter corresponds to an effective g-factor of 2.03. At 120 
GHz the EPR signal rapidly disappears as the magnetic field 
is turned off-axis by a small angle (Figure 6c). This is 
evidence that for B~4 T the resonance condition is no longer 
satisfied when the triangle axis is progressively rotated 
perpendicular to the field. 
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Discussion 

Although crystallographic data taken at intermediate 
temperature point to an almost perfect trigonal symmetry of 
the Cr3 cluster, for this family of compounds the presence of 
distortions of the molecular structure is well documented by 
low temperature measurements [2, 19-23, 31]. For an 
isosceles triangle, two exchange constants are introduced 
and the isotropic Heisenberg-Dirac-vanVleck Hamiltonian 
reads: 
 

'()** =  −, (-./  · -1  + -.3  · -1) − ,4(-./  · -.3)   (3) 
 
where SA1= SA2= SB=3/2 is the spin of the Cr3+ ions and  J, J’ 

are antiferromagnetic. By defining -4 = -5/ + -53 and 
- = -4 + -& , from Eq. 1 the ground state doublets 
|S,S’>=|1/2,1> and |1/2,2>, are split at zero field of 
2δ=2|J−J’|. The Van Vleck susceptibility can be calculated 
by introducing the Zeeman term as first-order perturbation: 

'6 = %&7"5(-5� + -5�) + "&-&8 ∙ 1   (4) 
where gA and gB are respectively the local g-factors of 
SA1(SA2) and SB [31].. The susceptibility thus results: 

: = ;<=>�
?@>�

∑ ∑ BC,CD�E(E��)(�E��) ���7FG(E,E4)/@>�8CDHC>CI|CDKC>|
�C<CDI�

∑ ∑ (�E��) ���7FG(E,E4)/@>�8CDHC>
CI|CDKC>|

�C<
CDI�

   

(5) 
where gS,S’ are the effective g-factors associated to the E(S, 
S’) state. By means of Eq. 5 we fitted the experimental 
susceptibility curve and we obtained J/kB = −31±1 K and 
J’/kB = −33±1 K, with a reduced effective g-factor gS,S’ = geff 

= 1.94 (dashed lines in Figure 2a and 2b). These parameters 
are close to those reported for similar variants of Cr3 
triangles [2, 21]. The calculated energy splitting 2δ/kB =2|J 
−J’|/kB =4±3 K, is not incompatible with T0 = 5.2 K. This 
approach, however, fails to reproduce the anisotropic 
behaviour shown by single-crystal specific heat and EPR 
measurements (Figure 4 and 6). 
To introduce anisotropy in the spin Hamiltonian firstly we 
have to consider the effects of the Cr3+ single ion anisotropy. 
A Cr3+ ion in distorted octahedral symmetry usually shows 
isotropic gCr [32] and nearly axial dCr [33]. Intrinsically these 
parameters cannot provide either an adequate fit of the 
specific heat curves or account for the angular dependence 
of multi-frequency EPR spectra. The anisotropic g-factor, 
observed by X-band EPR on closely related Cr3 triangular 
clusters, has been attributed to the effect of the 
Dzyaloshinskii-Moriya interaction [27, 20, 21]. For a 
slightly distorted trigonal system, the antisymmetric 
exchange  

')L = ∑ MNO-N × -OQR  (6) 
can be assumed to be parallel to the trigonal axis z [7, 28] 
and the antisymmetric tensor be reduced to a scalar 
parameter G=Gzz,. By defining Δ = √U� + V�, from 

W = '()** + ')L + '6 the energies of the ground state 
doublets that result are:  

X1± = − �
� "′%&\ ± ]V� + 
U − �

� ""%&\��_
�/�

(7a) 

X2± = �
� "′%&\ ± ]V� + 
U + �

� ""%&\��_
�/�

    (7b) 

 

for θ=0 and  

X�± = − �
� ""%&\ ± ]V� + 
U − �

� "′%&\��_
�/�

(8a) 

X�± = �
� ""%&\ ± ]V� + 
U + �

� "′%&\��_
�/�

   (8b) 

for θ=π/2, where "′ = (2"5 + "&)/3 and "" = 4("5 −
"&)/3 [28]. The specific heat C(B)-vs-T curves can be 
calculated as: 

�
� = ∑ G`����(G`/@>�)` ∑ ���(G`/@>�)F7∑ G` ���(G`/@>�)` 8�`

(@>�)�7∑ ���(G`/@>�)` 8�    (9) 

where XQ = X�±, X�±. Good agreement with the experimental 
data was obtained with δ/kB=1.8±0.1 K, G/kB=1.8±0.1 K and 
"5 = "& = 1.97, which reproduce the whole set of C(B,θ)-
vs-T curves (Figures 3 and 4). Within this model [14], the 
susceptibility  

: = @�
&6

d6
d&    (10) 

where Z is the partition function, can be calculated for 
different θ angles and averaged to reproduce the 
experimental curve taken on a polycrystalline sample. By 
means of the parameters obtained from the specific heat, Eq. 
10 accounts for the downturn of χT at low temperature and 
for its evolution in applied B (Figure 2b). This is confirmed 
in Figure 2c by the correspondence between the calculated 
magnetization at 2 K and the experimental data. 
We thus calculated the pattern of the energy levels as a 
function of B (Figure 7). The ground state doublets are split 
of 2∆/kB=T0=5.2 K at zero magnetic field and for θ=0 the 
field dependence is linear. For θ=π/2 the antisymmetric term 
gives rise to non-linear dependence of the Zeeman levels 
and turns on the inter-doublet mixing between E1

- and E2
+ 

[26]. Below 1 T the field dependence of the energy levels at 
θ=π/2 can be approximated as linear with a reduced effective 
g-factor ≃1.3. This behaviour is consistent to the outcome of 
X-band EPR studies reported in the literature for different 
types of Cr3 triangles [2, 20, 21, 26, 34]. 
Direct verification of the calculated Zeeman diagram can be 
carried out by multi-frequency EPR spectroscopy. High-
frequency spectra at 241 and 336 GHz provide photons with 
ℎ > ∆, while at 140 GHz their energy is in the range ℎ ~∆. 
X-band spectra (ℎ < ∆) have been reported in Ref. [34]. In 
Table 1 are listed the EPR resonances observed at low 
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temperature for θ = 0 and π/2. The experimental Bexp(θ) are 
compared with those calculated from Eq. 7 and 8 [Bth(θ)]. 
The two EPR resonances obtained with g1=1.971 and 
g2=1.985 for  =120, 241 and 336 GHz and θ=0  (Figure 5 
and 6) can be reproduced by assuming only slightly different 
gA1, A2=1.980 and gB=1.976. The experimental Bexp(θ) are 
consistent with the calculated Bth(θ) within ±1% of 
discrepancy. The observed EPR resonances are plotted in 
Figure 7 in correspondence to the observed resonance field 
[Bexp(θ)]. The comparison with the calculated Zeeman 
diagram well explains the non-trivial dependence of Bexp(θ) 
at various frequencies. In particular, the mixing of the 
energy levels for θ ≠ 0 accounts for the vanishing of the EPR 
signal for  =120 GHz and off axis orientation. All the 
observed EPR resonances correspond to intra-doublet 
transitions and we report no evidence of inter-doublet 
transitions for this particular Cr3 derivative (Figure 5a). This 
quenching of the inter-doublet resonances is consistent with 
the transition probability calculated in Ref. [29] for a 
triangle with isosceles distortion. 
 

EPR 

resonance 
i  

(GHz) Θ (rad) 

Bexp(θ)  

(T) 

Bth(θ) 

(T) 

E-
2- E

-
1 

E+
2- E

+
1 

9.215 0 0.335±0.005 0.333 

E-
2- E

-
1 

E+
2- E

+
1 

9.215 π/2 0.45±0.05 0.480 

E+
2- E

+
1 120.496 0 4.347±0.003 4.339 

E-
2- E

-
1 120.496 0 4.366±0.003 4.353 

E-
2- E

-
1 

E+
2- E

+
1 

240.992 π/2 8.215±0.003 8.209 

E+
2- E

+
1 240.992 0 8.670±0.003 8.677 

E-
2- E

-
1 240.992 0 8.731±0.003 8.710 

E-
2- E

-
1 

E+
2- E

+
1 

336.000 π/2 11.793±0.003 11.778 

E+
2- E

+
1 336.000 0 12.050±0.003 12.098 

E-
2- E

-
1 336.000 0 12.128±0.003 12.144 

 
Table 1. List of the EPR resonances observed at low 
temperature. The error bar associated with Bexp(θ) reflects 
the ∆B measured between upward and downward field 
sweeps. A larger error bar is associated for  =9.215 GHz 
and θ = π/2 due to the broad absorption spectrum reported in 
Ref. [34]. 
 

Conclusions 

In conclusion, we investigated oxo-centered Cr3+ triangles 
by means of complementary experimental techniques. 
Single-crystal specific heat and EPR measurements display 
the effects of anisotropy and are consistent with an 
analytical model that includes both antisymmetric exchange 
and distortion. The inclusion of the Dzyaloshinskii-Moriya 
term explains the non-trivial angle dependence of multi-
frequency EPR spctra. The zero-field splitting of the ground 
state doublets (∆/kB = 5.2 K) arises from the equal 
contribution of distortion (δ/kB = 1.8 K) and antisymmetric 
exchange (G/kB = 1.85 K). These results show the effects of 

the interplay between these competing interactions and can 
be useful for understanding other classes of magnetic 
systems. 

Experimental 

Synthetic procedures  

All manipulations were performed under aerobic conditions. 
All chemicals and solvents were purchased from commercial 
sources and used without further purification. 
[Cr3O(O2C

tBu)6(H2O)3](O2C
tBu) HO2C

tBu  (1) 

Chromium nitrate nonahydrate (Cr(NO3)3·9H2O, 10.0 g, 25  
mmol) and pivalic acid (50.0 g, 490  mmol) were heated  with 
stirring from room temperature (R.T.) to 160° C in a two neck 
flask  fitted with a distillation condenser to the middle neck and 
the second connected to a slow flow of air to carry away the NO2 
generated in the reaction, which is removed through the 
condenser directly into an aqueous solution of NaHCO3. After 
the elimination of NO2 was complete (~4-5 h until no more 
reddish-brown gas is observed) the flask was cooled to 80- 85°C 
and ethanol (100 ml) was added and then the solution was further 
diluted over a period of 15 min with 40 ml of water and left to 
cool to room temperature and stirred at room temperature 
overnight. A green microcrystalline product was obtained, which 
was collected by filtration, washed with toluene then with diethyl 
ether and dried in air. 
Yield: 8.07 g ( 93%.). Found, %: Cr, 14.65, C, 45.06; H, 8.15.. 
Calc. for, C40H79Cr3O20 %: Cr, 15.06, C, 46.37; H, 7.69.  
ESI-MS (sample dissolved in MeOH, run in MeOH) m/z: + 874 
[Cr3O(O2C

tBu)6(MeOH)3]
 + (100 %), +842 

[Cr3O(O2C
tBu)6(MeOH)2]

+, + 810 [Cr3O(O2C
tBu)6(MeOH)]+ 

 
 [Cr3O(O2C

tBu)6(H2O)3](O2C
tBu) HO2C

tBu .2EtOH  
1 (0.7g ),  pivalic acid (1.4g)  ethanol (40 ml), and H2O (10 ml), 
stirred at  60oC  for 15-20 min. Obtained solution was allowed to 
slowly evaporate at ambient temperate over a period of several 
days. Dark green crystals were separated from the solution by 
decantation and washed with cold EtOH. Yield ~90 %  
The crystals were identified by X-ray crystallography as 
[Cr3O(O2C

tBu)6(H2O)3](O2C
tBu) HO2C

tBu .2EtOH. 
Found, %: Cr, 13.91, C, 47.22; H, 8.36; ;. Calc. for, C44H91Cr3O22 
%: Cr, 13.83, C, 46.84; H, 8.13  
ESI-MS (sample dissolved in MeOH, run in MeOH the same as 
for 1.  
 
Magnetic studies 

Susceptibility and measurements were carried out on powder 
samples using a Quantum Design PPMS measurement 
system. No frequency dependence was observed in ac 
susceptibility measurements with an excitation field of 1 
mT. Measurements in finite applied magnetic field were 
taken with the dc extraction technique. Specific heat 
experiments were carried out on a 3He refrigerator with the 
two-tau relaxation technique. The experimental data was 
taken on 5 single crystals of Cr3 (mass 1 mg) glued on the 
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calorimeter by means of Apiezon N grease. Specific heat-vs-
temperature curves were measured under applied magnetic 
field with the crystals aligned respect to the field direction (θ 

= 0, π/2). 
Continuous wave EPR experiments were carried out at the 
National High Magnetic Field Laboratory (NHMFL), in 
Tallahassee Florida, USA. The spectrometer used employs a 
superheterodyne quasi-optical bridge with a 40 mW solid-
state source [35]. In situ rotations of the hexagonal crystal 
were carried out by means of a rotating sample holder 
mounted with its axis perpendicular to a 12.5 T 
superconducting solenoid. The sweep rate was 4 mT/s. 
Multi-frequency spectra were taken at 120.496, 240.992 and 
336.000 GHz. 
Analytical data were obtained by the Microanalysis laboratory 
at the University of Manchester.  
Electrospray Ionization Mass Spectrometry  (ESI-MS) were 
carried out by the Mass Spectrometry Service at the University of 
Manchester.  ESI-MS spectra were recorded on Micromass 
"QTOF Micro" quadrupole time of flight mass spectrometer. 
Crystallography  
Data Collection. X-ray data for compound 
[Cr3O(O2C

tBu)6(H2O)3](O2C
tBu) HO2C

tBu .2EtOH  was 
collected at a temperature of 150 K using a using Mo-Kα 

radiation (λ = 0.71073 Å) on an Agilent Supernova, equipped 
with an Oxford Cryosystems Cobra nitrogen flow gas system. 
Data were measured using CrysAlisPro suite of programs. 

Crystal structure determinations and refinements. X-ray data 
were processed and reduced using CrysAlisPro suite of programs. 
Absorption correction was performed using empirical methods 
based upon symmetry-equivalent reflections combined with 
measurements at different azimuthal angles [36]. The crystal 
structure was solved and refined against all F2 values using the 
SHELXTL suite of programs [37]. Atoms were refined 
anisotropically.  H-atoms were placed in calculated positions 
refined using idealized geometries (riding model) and assigned 
fixed isotropic displacement parameters. The C-C distances of 
the pivalate ligands were restrained to be the same using SADI 
and DFIX commands. The atomic displacement parameters (adp) 
of the ligands have been restrained using RIGU and SIMU 
commands.  

Table S1. Crystallographic information for 
[Cr3O(O2C

tBu)6(H2O)3](O2C
tBu) HO2C

tBu .2EtOH 

Crystal colour green 

Crystal size (mm) 0.35 × 0.35 × 0.35 

Crystal system Hexagonal 

Space group, Z P63/mmc,  2 

a = b (Å) 12.2920(6) 

c (Å) 22.719(1) 

V (Å3) 2972.8(3) 

Density (Mg.m−3) 1.260 

Temperature (K) 150 

µ(Mo-Kα) (mm−1) 0.607 

2Ө range (°) 6.602 to 58.336 

Reflns collected 7877 

Independent reflns used in 
refinement, n 

1428 

L.S. parameters, p 150 

No. of restraints, r 121 

R1 (F)a I > 2.0σ(I) 0.0732 

wR2(F2),a all data 0.2107 

S(F2),a all data 1.093 
a R1(F) = Σ(|Fo| – |Fc|)/Σ|Fo|; [b] wR2(F2) = [Σw(Fo

2 – 
Fc

2)2/ΣwFo
4]½; [c] S(F2) = [Σw(Fo

2 – Fc
2)2/(n + r – p)]½ 

The crystallographic data and experimental details of the 
structural refinement for the X-ray crystal structure reported in 
this paper has been deposited at the Cambridge Crystallographic 
Data Centre, under deposition number CCDC 1059922. These 
data can be obtained free of charge at 
(http://www.ccdc.cam.ac.uk/data_request/cif). 
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Fig. 1. Crystallographic structure of the Cr3 crystal. H atoms, CH3 groups, solvates and non-coordinated pivalate anions excluded 
for clarity. Colour scheme: Cr, purple; O, red, C, grey. 
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Fig. 2. (a) Susceptibility curve measured on a polycrystalline sample of Cr3 as a function of the temperature (squares). (b) 
Magnification of the χT product for 0 ≤ B ≤ 7 T. Dashed and solid lines display the calculated curves, respectively with the 

isotropic and the anisotropic model. (b) Magnetization measured at 2 K (squares) and calculated curve (solid line).  
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Fig. 3. Zero-field C/R-vs-T curve normalized to the gas constant R. Circles and squares show two equivalent sets of data measured 
with the single crystals oriented along perpendicular directions. The separated contribution of Clatt and C0 are displayed 

respectively by dashed and dot-dash lines. The solid line represents the curve calculated from Eq. 9.   

 

 
 

Fig. 4. C/R-vs-T specific heat curves measured at fixed B. Black circles and red squares show the experimental data measured 
respectively for θ=0 and π/2. The dashed line displays the lattice contribution estimated from Eq. 1. Solid lines represent the 

curves calculated from Eq. 9. 

 
  

Page 10 of 12Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 

Fig. 5 EPR spectra taken at 240.992 GHz on a single crystal of Cr3 (θ=0). (a) Field sweep in the range 0-12 T (T=10 K). (b) 
Temperature dependence of the observed EPR resonances. The saturated signal at 8.60 T corresponds to a g≃ge impurity. 

 

Fig. 6. EPR spectra measured at different θ angles and T=4 K. For each spectrum the intensity is normalized to its maximum value. 
Microwave frequency: 241 GHz (a); 336 GHz (b); 120 GHz (c). 
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Fig. 7. Energy diagram of the ground state doublets plotted as a function of B for θ=0 and π/2. Vertical arrows display the position 
of the observed EPR resonances. Their length corresponds to the energy of the microwave photons ℎ /j& , with k = 9.215, 
120.496, 240.992 and 336.000 GHz. Solid and dashed lines respectively show the transitions within lower and higher lying 

doublets.  
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