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Introduction

Hybrid inorganic–organic framework materials have attract-
ed much attention in the last decade due to their interesting
magnetic, electronic, and mechanical properties.[1,2] A major
goal is to understand the structure–property relationships
within these materials and use that knowledge to do materi-
als design and engineering. One strategy to garner under-
standing is to study the anisotropy in the physical properties
of single crystals. However, despite most of these materials
being prepared in single-crystal form, there are relatively
few anisotropic studies on magnetism, ferroelectricity, and
mechanics of these materials.[1d,2–4] Several groups have re-
ported anisotropic magnetic properties of some 2D and 3D
frameworks recently, in which it is found that magnetism
along different directions can vary considerably.[1d,3] Gao
and co-workers published the single-crystal magnetism of a
layered manganese azide, [Mn(N3)2(4,4’-bi-1,2,4-triazole)]n,

which shows first-order metamagnetic and spin-flop transi-
tions parallel and perpendicular to the manganese azide
layer.[3a] Kurmoo et al. reported the single-crystal study of
two 3D frameworks, {[Co5(OH)8(trans-1,4-cyclohexanedicar-
boxylate)]·4H2O}n and {[Co3(OH)2(cis-1,4-cyclohex-
anedicarboxylate)2ACHTUNGTRENNUNG(H2O)4]·2H2O}n, which have chained and
layered inorganic connectivity respectively. The former ex-
hibits easy-plane magnetism while the later shows very un-
usual metamagnetic behavior along the easy axis in contrast
to normal ferromagnetic-like behavior perpendicular to
it.[1d, 3b] Chen and co-workers reported the single-crystal mag-
netism of two 3D manganese frameworks, [Mn3(1,2,3-tria-
zole-4,5-dicarboxylate)2ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(NH3)2]n and [Mn3(1,2,3-tria-
zole-4,5-dicarboxylate)2ACHTUNGTRENNUNG(H2O)4]n, and both of them show un-
usual multi-step magnetization jumps along differing crystal-
lographic orientations due to the anisotropic competing in-
teractions between the antiferromagnetic couplings.[3c] Some
others carried out single-crystal dielectric studies on hybrid
framework materials and found significant anisotropy.[4]

Xiong, Kobashiya, and their co-workers studied the single-
crystal dielectric behavior of a 3D prussian blue analogue
framework, [(imidazolium)2KFe(CN)6]n,

[4a] and two 3D iso-
structural manganese frameworks, {[Mn3ACHTUNGTRENNUNG(HCOO)6]ACHTUNGTRENNUNG(H2O)-ACHTUNGTRENNUNG(CH3OH)}n and {[Mn3ACHTUNGTRENNUNG(HCOO)6]ACHTUNGTRENNUNG(C2H5OH)}n.

[4b,c] All of
these frameworks exhibit considerably anisotropic dielectric
permittivity along differing crystallographic directions.[4a]

Recently, we studied the anisotropic mechanical properties
of some open and dense hybrid crystals and demonstrated
that the elasticity and hardness along differing crystallo-
graphic directions can be correlated directly with various as-
pects of the underlying crystalline structures, such as chemi-
cal bonding, organic linker and space packing.[2,5] Particular-
ly in a 3D dense framework, [Ce ACHTUNGTRENNUNG(C2O4) ACHTUNGTRENNUNG(HCOO)]n, we found
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that the crystal orientation dominated by inorganic chains is
not necessarily stiffer than the orientation constructed by
rigid oxalates from the mechanical properties standpoint.[5a]

In terms of infinite diverse structural and chemical variabili-
ty of hybrid frameworks, this opens the possibility of con-
trolling mechanical properties through a crystal engineering
approach.[2,5] As far as we are aware, however, there is no
report to date of a combined study of magnetic, ferroelec-
tric, or mechanical anisotropy. In the present work we de-
scribe a new 3D hybrid framework, [Mn(2-methylsucciniat-
e)]n (1), that displays both anisotropic homospin ferrimag-
netism and anisotropic mechanical properties.

Results and Discussion

Structure of 1: Our single-crystal X-ray diffraction study
(Table 1) reveals that compound 1 is a 3D framework con-
taining 2D inorganic manganese oxide honeycomb layers

and isolated MnO6 octahedra, which is nearly identical to
some MnII and MgII glutarates.[6] As seen from Figure 1, the
asymmetric unit of compound 1 has a 2-methylsuccinate
ligand with a disordered methyl group and three crystallo-
graphically independent octahedral MnII ions. Mn1, Mn2,
and Mn3 have 1/6, 1/2, and 1/3 multiplicities, respectively.
The Mn2 and Mn3 ions are connected by two m2-O atoms of
two carboxylates from two different 2-methylsuccinates with
Mn2-O-Mn3 angles of 97.17 and 99.878 and a nearest
Mn2···Mn3 distance of 3.315 �. The edge-sharing Mn2O6

and Mn3O6 octahedra connect in an alternating mode to
form 12-membered rings. Each 12-membered ring is linked
to six other rings by sharing six Mn3O6 octahedra to form
an infinite two-dimensional honeycomb layer in the ab plane
(Figure 2 a). These layers are cross-linked between Mn2O6

and Mn3O6 octahedra by isolated Mn1O6 octahedra via syn,
anti–syn carboxylate linkages[7] to generate a 3D framework
(Figure 2 b). The nearest distances of Mn3···Mn1 and
Mn2···Mn1, 4.065 and 5.879 �, respectively, are both much
longer than the nearest Mn2···Mn3 distance within the 2D
inorganic layers. Alternating inorganic manganese oxide

Table 1. Crystal data and structure refinement for compound 1.

Compound 1

formula C5H6O4Mn
Mr 185.04
crystal system trigonal
space group R-3
a [�] 11.0825(2)
b [�] 11.0825(2)
c [�] 29.5902(9)
a [8] 90.00
b [8] 90.00
g [8] 120.00
V [�3] 3147.41(12)
Z 18
1calcd [g cm�3] 1.757
m (MoKa) [mm�1] 1.837
F ACHTUNGTRENNUNG(000) 1674
T/K 120
R1, wR2 [I>2s(I)][a] 0.0480, 0.1382
R1, wR2 (all data)[a] 0.0536, 0.1423
GOF on F2 1.052

[a] R1 =S j jFo j� jFc j j /S jFo j and wR2 = {S[w ACHTUNGTRENNUNG(Fo
2�Fc

2)2]/S[w ACHTUNGTRENNUNG(Fo
2)2]}1/2.

Figure 1. The local coordination environments of Mn1, Mn2, Mn3, and 2-
methylsuccinate in 1.

Figure 2. a) Layered structure constructed by edge-sharing 12-membered
MnO6 octahedra rings lying in the ab plane. b) 3D framework construct-
ed by adjacent layers via isolated Mn1O6 octahedra by syn, anti–syn car-
boxylates lying along the b axis (disordered methyl groups are omitted
for clarity). Mn1O6, Mn2O6, and Mn3O6 octahedra are presented by
grey, black and white respectively.
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layers are spatially translated by a/2 and b/2 length along
the a- and b axes, which precludes any porosity in the struc-
ture.

Thermal analysis of compound 1: Thermogravimetric analy-
sis (TGA) of [Mn ACHTUNGTRENNUNG(C5H4O4)]n was carried from 25 to 800 8C
in air. As shown in Figure S6 in the Supporting Information,
there is no significant mass loss below 295 8C, the tempera-
ture at which the compound decomposes. Then the com-
pound suffers complete decomposition until it reaches a
temperature of 450 8C, the total mass loss of 57.8 % corre-
sponding to the complete decomposition of the ligand
(calcd: 57.3 wt %). This is consistent with the crystal struc-
ture and infrared spectrum, which confirm there is no sol-
vent present in the structure. The final 42.2 % product with
the brown color is Mn2O3 (calcd: 42.0 wt %) and the small
mass gain after 600 8C is presumably due to the oxidation of
initial decomposed product Mn3O4 to Mn2O3 with further
heating.[8]

Magnetism of 1: Powder magnetic characterization and heat
capacity measurements support the classification of 1 as a
homospin ferrimagnet.[9] In contrast to ferrimagnetism with
uncompensated moments resulting from different cation va-
lence states, as in Fe3O4 with FeII and FeIII, here ferrimagnet-
ism arises due to the crystal structure, which supports differ-
ent exchange interactions between the three unique MnII

sites. The 40 Oe zero-field-cooled (ZFC) and field-cooled
(FC) temperature dependent magnetic susceptibility (cm =

M/H) and susceptibility-temperature product (cmT) for a
powder sample of 1 are shown in Figure 3 a. The sharp in-
crease in cm at low temperatures, far beyond that expected
for a paramagnet, and the qualitative shape of cmT�T, are
typical of ferrimagnetic ordering. Based on the inflection
point in the field-cooled cm�T at 40 Oe, a transition temper-
ature of 2.4 K is defined. The temperature dependence of
cm
�1 (Figure S3 in the Supporting Information) is linear

above the ordering temperature and a Curie–Weiss fit from
50 to 300 K results in q=�20.7 K and C=4.40 emu mol�1 K.
The C value corresponds to meff = 5.93mB, which agrees well
with the spin-only value of 5.92 mB for an isolated S= 5/2
MnII ion. The negative Weiss value indicates that magnetic
interactions are primarily antiferromagnetic and, in combi-
nation with the sharp increase in magnetization at low tem-
peratures, supports the assignment of ferrimagnetic order.
The ZFC and FC curves are coincident at high tempera-
tures, but diverge slightly below 3.0 K, indicating the pres-
ence of some form of hysteresis likely associated with the
long-range magnetic order. The heat capacity displays a
lambda anomaly at 2.3 K, reflecting the onset of long-range
magnetic order (Figure 3 b). A 1.9 K M-H sweep reveals that
the molar magnetization saturates to 1.76 Nb at 50 kOe
(Figure S4 in the Supporting Information). This is much
smaller than the expected saturation value of 5 Nb for a
spin-only MnII ion and is again consistent with ferrimagnetic
order. A small M-H hysteresis loop with a coercivity of
10 Oe is observed, indicating that the ferrimagnetism of

compound 1 is relatively soft (Figure S4 in the Supporting
Information).

To help elicit the magnetic structure of compound 1,
single-crystal magnetic measurements were performed in di-
rections parallel and perpendicular to the c axis. cm as a
function of T for both orientations and at different applied
magnetic fields (100, 700, 900 Oe for H?c and 20, 210,
700 Oe for H//c) is illustrated in Figure 4 a. For low-field
measurements along both orientations (100 Oe for H?c
and 20 Oe for H//c), the magnetization levels off below
2.5 K, consistent with the ferrimagnetic order of the system.
For larger fields, the ordering transition broadens and we
are unable to capture data at temperatures low enough to
observe the magnetization leveling off. While it is well docu-
mented that antiferromagnetic interactions mediated by
syn–syn and syn–anti carboxylates are relatively weak, we
do not observe a spin-flop behavior along both orientations
due to the decrease of susceptibility with increasing magnet-
ic field.[10, 11] The single crystal isothermal M-H sweeps at
1.9 K differ significantly from the bulk powder sample. As
seen in the Figure 4 b and S5 in the Supporting Information,
the magnetizations for both orientations rise linearly at low
magnetic fields and then increase more slowly at higher
fields. The transition between the two regimes can be de-

Figure 3. Powder magnetic measurements for 1: a) Temperature depen-
dent cmT plot at 40 Oe. Inset: FC/ZFC curves at low temperature.
b) Heat capacity as a function of temperature in zero magnetic field.
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fined by the inflection point, which yields transition fields of
100 Oe and 800 Oe for directions parallel and perpendicular
to the c axis respectively. This behavior is due to significant
magnetocrystalline anisotropy[10] which is a result of the lay-
ered structure of compound 1. At high fields, the magnetiza-
tion nearly saturates, reaching values of 1.73 Nb and 1.88 Nb

at 50 kOe parallel and perpendicular to the c axis, respec-
tively. While one may expect both directions saturate to the
same value after all domains have been aligned, the smaller
magnetization in the perpendicular direction may be due to
its larger diamagnetic background from the sample holder,
which becomes apparent at high fields or temperatures.
However, these values do agree well with the 1.76 Nb mea-
sured for the powder sample.

The magnetic behavior can be understood based on a
magnetic structure that arises from the different exchange
pathways in the framework. The most important superex-
change interactions within the inorganic layer are Mn2-O4-
Mn3 (97.178) and Mn2-O2-Mn3 (99.878) with a Mn2···Mn3
distance of 3.315 �. Both could be antiferromagnetic, with
the larger angle giving a slightly stronger antiferromagnetic

interaction.[12] As the ratio between the multiplicities of
Mn2 and Mn3 atoms is 3 to 2, the proposed magnetic struc-
ture of the 2D layer is consequently ferrimagnetic with Mn2
atoms and Mn3 atoms pointing in opposite directions
(Figure 5). These ferrimagnetic layers are connected to iso-

lated Mn1O6 octahedra by syn, anti–syn carboxylates with
nearest Mn3···Mn1 and Mn2···Mn1 distances of 4.065 and
5.879 � respectively. In manganese coordination polymers,
syn–syn and syn–anti carboxylates normally mediate weak
antiferromagnetic coupling which is often suppressed by the
application of a magnetic field.[11,13] As Mn3 is closest to
Mn1, we expect them to point in opposite directions, and
thus Mn2 and Mn1 will point in the same direction
(Figure 5). Summing over the unit cell and accounting for
site multiplicities, we then find the net saturation magnetiza-
tion of the proposed magnetic structure to be 1.67 Nb ({[(1/
2-1/3)+ 1/6] � 5Nb}= 1.67 Nb), which agrees well with the
value of 1.76 Nb observed from the powder sample. The
magnetic easy axis is parallel to the c axis because, as is
shown in Figure 4, in this direction the low field susceptibili-
ty is larger and the transition field is smaller, as compared
to measurements perpendicular to the c axis. Our hypothesis
for the magnetic structure could be confirmed by low tem-
perature neutron diffraction, though the low magnetic order-
ing temperature and need for deuteration both present sig-
nificant experimental challenges.

Nanoindentation Studies : Turning to the nanoindentation
studies, representative P-h curves obtained on the natural
{003} and artificially polished {�230} facets of single crystals
of compound 1 are shown in Figure 6 a. The loading part of
the P-h curves obtained on both facets is smooth, indicating
that the plastic deformation, which occurs underneath the
sharp indenter tip during indentation, is relatively homoge-
neous in nature. The average values of H and E, extracted
from the P-h curves, are 0.89�0.05, 18.30�0.70 GPa for
{003} and 1.22�0.06, 24.20�0.44 GPa on {�230}, respective-
ly. This indicates that crystal properties are highly anisotrop-
ic with approximately 32 % and 37 % differences in E and

Figure 4. Single-crystal magnetic measurements of compound 1: a) Tem-
perature dependence of cm in different external fields (H?c : 100, 700,
900 Oe and H//c (Inset) at 20, 210, 700 Oe). b) Field-dependent magneti-
zations and their derivatives at 1.9 K (H?c and H//c).

Figure 5. Proposed magnetic structure of 1. Mn1O6, Mn2O6, and Mn3O6

octahedra are presented by grey, black, and white, respectively (C2, C3,
C4, C5A, C5B, C6A, and C6B are omitted for clarity).
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H, respectively. The AFM images of the residual impres-
sions made on both of the facets are shown in Figure 7 a and
b. No �pile-up� of material at the periphery of the indents
could be found. The horizontal cross-sectional line profile at
the middle of the indent for both facets shows that the resid-
ual penetration depth and the surface area of the impression
from {003} are significantly higher than {�230}, as shown in
Figure 6 b.

The anisotropy in mechanical properties of compound 1
can be rationalized with the aid of the underlying crystal
structure. Though the loading during indentation is not per-
fectly uniaxial and the stress field generated underneath the
indenter is non-uniform, indentation can be used to probe
the anisotropy in the mechanical properties of single crystals
because the measured modulus is strongly dependent on the
elastic response along the indenter axis and is weakly affect-
ed by the transverse directions.[2,5a,b] In metals and semicon-
ductors, plastic deformation is well understood in terms of
the nucleation, rapid multiplication and propagation of dis-
locations. In amorphous materials, they arise due to shear
bands.[14] However, it is believed that in organic and hybrid
crystals, plastic deformation by slipping occurs along a spe-
cific crystallographic plane when sheets within the frame-
work glide across one another, similar to a stack of playing
cards in a deck.[5b, 15]

As illustrated in Figure 1 and 2, the Mn2 and Mn3 atoms
are linked by O2 and O4 atoms from both of the carboxy-
lates of the 2-methylsuccinate ligands to form the manga-
nese oxide layers along the ab plane. Such backbone struc-
ture imparts higher stiffness to the structure. These stiff
layers are further connected by anti, syn–syn carboxylates
with isolated Mn1O6 octahedra to give rise to a 3D frame-
work with an alternating linked-mode. For indentation on
{003}, it can be seen from Figure 2 b that the indenter axis is
down ab plane, which is perpendicular to the stiff and planar
inorganic layers. Thus, the deformation is likely associated
with the isolated Mn1O6 octahedra and their projecting anti,
syn–syn carboxylates. Since the site multiplicity of Mn2 and
Mn3 are of 1/2 and 1/3 in the asymmetric unit and exactly
five times that of Mn1 site, the indentation load is carried
by the edge-shared three Mn2O6 octahedra and two Mn3O6

octahedra within the layer instead of only one isolated
Mn1O6 octahedra. Thus, these isolated Mn1O6 octahedra
and their projecting carboxylates have to accommodate five
times the stress as is passed by edge-shared Mn2 and Mn3
octahedra in the layer. This forces the Mn1O6 octahedra
and/or the projecting carboxylates to deform to some
degree. Although the sp2 hybridized carboxylates resist de-
formation as they cannot be easily stretched due to their
high stretching vibration energy, they are susceptible to rota-
tions. In addition, the isolated Mn1O6 octahedra can also be
deformed more easily than the stiff edge-shared inorganic
manganese oxide layer because of the large separation be-
tween adjacent layers (ca. 12 �), which allows for transla-
tional and torsional motions of isolated Mn1O6 octahedra
with comparatively low vibration energies. Further closer
examination of the structure shows that the planes of these
rigid anti, syn–syn carboxylates are not perpendicular to the
ab plane but are at an angle of 68.18. This can lead to mo-
tions of these carboxylates in order to accommodate the
strain imposed by the indenter. Another factor to consider
is that there are a/2 and b/2 length offsets along the a and
b axes between adjacent layers. As a result, indentation of
the {003} facet is not perpendicular to the Mn1O6-carboxy-
lates-2D layer-Mn1O6 linkage, but is at an angle of 61.98.

Figure 7. AFM topographical images of indents: a) {003} face, b) {�230}
face.

Figure 6. a) Representative P-h curves of compound 1 obtained from in-
dentation normal to {003} and {�230} facets. b) Horizontal cross-section
at the center of the residual indent impression on {003} and {�230}
facets.
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Hence, the Mn1O6 octahedra or the anti, syn–syn carboxy-
lates can shear relatively easily in comparison to a perfectly
normal indentation. In contrast, when the {�230} facet is in-
dented, the indenter axis (perpendicular to ab plane) is
nearly parallel to the stiffest inorganic layers, leading to
larger H and E.

Being of modest density (ca. 1.757 g cm�3), the measured
E and H values of compound 1 are relatively small in com-
parison to those reported for some dense hybrid crys-ACHTUNGTRENNUNGtals.[2,5a–c] However, compound 1 exhibits higher E and H
values than porous hybrids.[5d–f, 16] In a hexagonal crystal
system, the {001} planes are the favored planes for slip, as
inferred from density functional theory.[17] Accordingly, slip
is preferred along the ab plane. The AFM topographical
image (Figure 7 b) of the indentation impression on the
{�230} facet shows cracking parallel to the inorganic layer.
However, no cracks were observed in the other directions.
These observations indicate that the rupture of linkages be-
tween the stiff inorganic layers and the isolated Mn1O6 octa-
hedra is the cause for the cracking.[5a]

Conclusion

We prepared a new 3D metal-organic framework [Mn(2-
methylsuccinate)]n (1) and studied the structure by using X-
ray single-crystal diffraction. The highly anisotropic struc-
ture comprises alternating manganese oxide layers and iso-
lated MnO6 octahedra, pillared via syn, anti–syn carboxy-
lates. Powder magnetic characterization and heat capacity
measurements indicated 1 is a homospin ferrimagnet. De-
tailed single-crystal magnetic study revealed the easy-axis
and suggested a reasonable magnetic structure model.
Nanoindentation on single-crystal showed anisotropic
moduli and hardness parallel and perpendicular to the man-
ganese oxide layer, which confirms the stiffness of the inor-
ganic layers and the flexibility of the isolated MnO6 octahe-
dra with projecting carboxylates. Both sets of anisotropic
properties arise from the unusual alternation of inorganic
manganese oxide layers and isolated MnO6 octahedra. This
study presents clear evidence that unique structural features
in the crystal can lead to both high magnetic and mechanical
anisotropy, and thus encourages the use of crystal engineer-
ing and design to control and direct the anisotropic magnet-
ic[1d,e] and mechanical[2,18] properties of framework materials.

Experimental Section

General information : All chemicals and solvents were of reagent grade
and used as received. Infrared spectra were collected over the range of
4000–500 cm�1 on a Bruker Tensor-27 ATR spectrometer. Elemental
analysis was obtained at the Department of Chemistry, the University of
Cambridge (UK). Thermogravimetric analysis (TGA) was performed in
air on a TA instruments Q50 using a heating rate of 10 8C minute�1.
Powder X-ray diffraction (PXRD) data were obtained using a Bruker D8
powder diffractometer with CuKa radiation.

Synthesis : (R)-2-Methylsuccinic acid (0.25 mmol, 0.033 g), NaOH
(0.5 mmol, 0.020 g) and Mn ACHTUNGTRENNUNG(NO3)2·4H2O (0.25 mmol, 0.085 g) were well
mixed in a 20 mL vial with distilled water (5 mL ). Then absolute ethanol
(5 mL) was layered on the top of the solution and the vial was heated at
100 8C for 5 days and quenched in water to room temperature. Colorless
platelet crystals of 1 were manually obtained in 26 % yield on the basis
of manganese. FT-IR (KBr): ñ =2971 (w), 2931 (w), 1615 (m), 1579 (vs),
1437 (w), 1405 (vs), 1368 (m), 1316 (w), 1305 (m), 1255 (w), 1200 (w),
1121 (w), 1042 (w), 968 (w), 926 (w), 879 (w), 842 (w), 779 (w), 669 (m),
653 (m), 616 (w), 569 cm�1 (m); elemental analysis calcd (%) for
C5H6O4Mn (185.04): C 32.45, H 3.27; found: C 32.28, H 3.29.

Single crystal X-ray crystallography study : Single-crystal X-ray diffrac-
tion data of compound 1 were collected on a Bruker-Nonius Kappa dif-
fractometer equipped with a Bruker Apex II CCD detector using X-rays
from a Bruker-Nonius FR591 rotating anode X-ray generator (MoKa radi-
ation, l =0.71073 �). Data were collected over the range 2.91 to 27.488
(2q) at 120 K by using a platelet crystal (0.18 � 0.14 � 0.08 mm3). Absorp-
tion corrections were applied by using SADABS.[19] The structure was
solved by direct methods and successive Fourier difference syntheses,
and refined by full matrix least-squares procedure on F2 with anisotropic
thermal parameters for all non-hydrogen atoms using the programs
SHELXS-97 and SHELXL-97 respectively.[20] Hydrogen atoms were not
refined and the bond lengths between C2�C5A, C2�C5B, C3�C6A, and
C3�C6B were constrained by using the DFIX commands due to the seri-
ously disordered methyl group. X-Seed was used as an interface for the
SHELX programs.[21] The crystallographic data are summarized in
Table 1 and selected bond lengths and angles are listed in Table S1 in the
Supporting Information. Single-crystal cell measurements of compound 1
were collected on an Oxford CCD diffractometer with graphite-mono-
chromated MoKa radiation (l=0.71073 �) at 120 K. Data reduction, ab-
sorption corrections and face indexation were applied and determined
using the CrysAlisPro program.[22] CCDC-821841 contains the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Magnetic measurements on powder and single crystals : The temperature
and field dependence of the dc magnetization was measured with a
Quantum Design MPMS 5XL SQUID magnetometer. Powder samples
were well-ground, contained in gel caps, and held in a straw with a uni-
form diamagnetic background. Single crystals were measured in two
unique crystallographic directions. For measurements in the ab plane, the
platelet was placed flat along the straw and held in place by Kapton tape.
The platelet was laid flat in the bottom of a gel cap for measurements
perpendicular to the c axis.

Powder heat capacity measurements : Heat capacity measurements were
performed using the semi-adiabatic technique, as implemented in a
Quantum Design Physical Property Measurement System (PPMS). To
improve thermal coupling, a small amount of Apiezon N grease was
placed between the sample and stage. Samples were also mixed and
ground with equal masses of Ag powder and pressed into pellets in order
to increase thermal conductivity. The contributions from the grease and
Ag were measured separately and subtracted.

Nanoindentation methodology on single crystals : Since the platelet crys-
tal does not have any natural facet perpendicular to the major facet
{003}, we had to polish off a certain natural facet to get an artificial facet
{�230} which is almost perfectly perpendicular to the major facet {003}.
Accordingly, the nanoindentation experiments were performed on the
{003} and artificially polished {�230} facets using a nanoindenter (Tri-
boindenter of Hysitron, Minneapolis, USA) with an in-situ imaging capa-
bility. The machine continuously monitors and records the load (P) and
displacement (h) of the indenter with force and displacement resolutions
of 1 nN and 0.2 nm, respectively. A Berkovich diamond indenter with a
tip radius of about 100 nm was used to indent the crystals. In order to
identify flat regions for the experiment, the crystal surfaces were imaged
prior to indentation using the same indenter tip. A loading and unloading
rate of 0.6 mN s�1 and a hold time of 30 s at peak load were employed. A
minimum of 10 indentations were performed on each crystallographic
facet. The indentation impressions were captured immediately after un-
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loading, so as to avoid time-dependent elastic recovery of the residual
impression. The experiments were conducted using quasi-static (load-
controlled) mode. Contact stiffness, S is determined from the slope of the
load-displacement (P-h) curve at the initial point of unload (i.e., S =dP/
dh), therefore E and H can be found only at the maximum indentation
depth. The elastic contact stiffness determined from the P-h curves is
later used to calculate the reduced modulus, Er, according to Equa-
tion (1):[23]

Er ¼
ffiffiffi

p
p

2b

S
ffiffiffiffiffiffi

Ac

p ð1Þ

where Ac is the contact area under load (based on the calibrated tip areal
function) and b is a constant that depends on the geometry of the inden-
ter (b=1.034 for a Berkovich tip).The method proposed by Oliver and
Pharr ()[24] to extract the sample elastic modulus from the reduced modu-
lus assumes isotropic elastic properties, which is normally not the case for
single crystals. To account for the effects of anisotropy in single crystals,
it has been shown[23a,25] that the modulus obtained from nanoindentation
of a single crystal is more appropriately represented as an “indentation
modulus”, given by Equation (2):

1
E
¼ 1� u2

i

Ei
þ 1� u2

s

Es

ð2Þ

where n and E are Poisson�s ratio and elastic modulus, respectively; and
the subscripts i and s refer to the indenter and test material, respectively.
The indenter properties used in this study are Ei =1141 GPa, and Pois-
son�s ratio for the indenter is ni =0.07. The hardness of a material is de-
fined as its resistance to local plastic deformation. Thus, indentation
hardness, H, can be determined from the maximum indentation load,
Pmax, divided by the contact area, A [Eq. (3)]:

H ¼ Pmax

A
ð3Þ

where the contact area (A) is a function of the contact depth, hc, and can
be determined by the Equation (4):

AðhcÞ ¼ C0h2
c þ C1hc þ C2h1=2

c þ C3h1=4
c þ :::::::: þ C8h1=128

c ð4Þ

It may be noted that only the constant C0 is used, if it is assumed that a
Berkovich indenter has a perfect tip. However, for imperfect tips, higher-
order terms have to be taken into account and these are obtained from
the tip-area function curve fit for a given tip.

The contact depth can be estimated from the load-displacement data
using Equation (5):

hc ¼ hmax � e
Pmax

S
ð5Þ

where hmax is the maximum indentation depth and 0.75 (P/S) denotes the
extent of elastic recovery (he).
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