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For molecular nanomagnets, excesses of magnetic entropy at finite low temperatures are induced by degrees
of freedom resulting from macroscopic degeneracies of the molecular spin states. We experimentally demon-
strate that this effect can be huge and efficiently exploited for enhancing the magnetic field dependence of the
adiabatic temperature change. We specifically consider the Mn;, molecular nanomagnet, proving it to be an
excellent magnetic refrigerant below 7T=2 K, due almost entirely to its spin degeneracy.
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I. INTRODUCTION

Molecular nanomagnets can potentially show a very large
magnetocaloric effect (MCE) at low temperatures'~* and are
thus attractive materials for magnetic refrigeration
technology.’ Relevant applications are, for instance, in
ultralow-temperature radiation detectors for outer space re-
search, where the absence of gravity makes difficult the use
of conventional *He-*He dilution refrigerators. High-spin
molecules with vanishing magnetic anisotropy are particu-
larly favorable since: (i) the higher the spin value the larger
the density of spin levels and thus the larger the magnetic
entropy content; (ii) a negligible anisotropy permits easy po-
larization of the net molecular spins in magnetic fields of
weak or moderate strength.>® Another property favoring
large MCE is the presence of degenerate or low-lying spin
states induced, e.g., by frustration, as was recently pointed
out by Schnack et al.” and Zhitomirsky,® who concluded that
in terms of MCE the field-dependent efficiency of a geo-
metrically frustrated magnet can exceed that of an ideal para-
magnet with equivalent spin by more than an order of mag-
nitude. In this regard recent results obtained for the
magnetically frustrated Fe,, molecular cluster compound are
indeed quite promising.”!°

An alternative and perhaps simpler approach to frustration
in promoting spin degeneracy is by designing very weak
magnetic links between the single-ion spin centers. Herein,
we study the MCE of the molecular magnetic cluster com-
pound Mnjs, that perfectly meets the above requirements of a
large number of low-lying spin states and a small magnetic
anisotropy, making this material an ideal refrigerant for very-
low-temperature applications. The magnetically relevant
structure!' of the Mn;, molecule consists of eight planar
“centered triangles” composed of a central Mn** ion, with
spin s=3/2, antiferromagnetically coupled to three periph-
eral Mn?* ions, each having spin of s=5/2 (Fig. 1). Within
the molecule the eight triangular clusters, each with net spin
of §=6, are weakly coupled together in the form of a trun-
cated cube by azide and carboxylate ligands, which are
known to promote very weak magnetic interaction.'" Each
Mnjs, core is also surrounded by one-and-a-half noncoordi-
nated [Mn(bpy);]**. The full formula of the molecular com-
plex reads
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PACS number(s): 75.50.Xx, 75.10.—b, 75.30.Sg, 75.40.Cx

{Mn(bpy);} s[Mny,(thme) ;5(bpy)as(N3) 12(OAC),](Cl1O,)y; .

Magnetic interactions between neighboring Mns, molecules
in the crystal are much weaker still. At 7=1 K the magne-
tization per Mns, molecule reaches the huge value of 50up
already in a moderate field of By=1 T. The anisotropy is so
small that superparamagnetic blocking does not occur; in-
stead a transition to a three-dimensional (3D) long-range
magnetic order between the Mn triangles is found below
0.32 K from specific-heat measurements.

Magnetization measurements down to 2 K and specific-
heat measurements using the relaxation method down to
=~(.35 K on powder samples were carried out in Modena by
means of a commercial setup for the 0 <By,<7 T magnetic
field range. Magnetization measurements below 2 K were
performed using a homemade Hall microprobe installed in
the same setup. In this case the sample consisted of a collec-
tion of small grains of c.a. 107> mm?. Specific-heat experi-
ments on powder samples were extended down to 0.1 K with
a homemade calorimeter using the relaxation method, in-
stalled in a dilution refrigerator at Leiden University.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Preliminary magnetic characterizations'! of the Mns, mol-
ecule already suggested the presence of many low-lying ex-
cited spin states. Here we report highly detailed magnetiza-

}, \{'\ Mre

FIG. 1. (Color online) The metallic skeleton of the Mn3, mol-
ecule, emphasizing the centered triangle [Mn!YMn'3] building
block. The exchange couplings depicted as solid and dotted lines
are J and J', respectively.
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FIG. 2. Field dependencies of the experimental molar magneti-
zation for several temperatures as listed.

tion measurements that corroborate and extend the previous
results. Figure 2 shows the measured molar magnetization in
fields up to 7 T for temperatures down to =0.35 K, at which
temperature a value as high as 87 Npup is reached. Assuming
g=2 for both the Mn>* and Mn** ions, this value is indeed
compatible with a field-induced S=43 spin state, not far
from the S, =48 spin state expected for a parallel alignment
of the eight S=06 spin triangles in the molecule. Judging from
the shape of the magnetization curves at lowest temperature
(see also inset in Fig. 3 of Ref. 11), the magnetic coupling
between the triangles inside the molecule (J') as well as the
much weaker intermolecular interaction between molecules
are both antiferromagnetic. The sharp initial rise seen below
1 T probably arises from a sizable canted moment (incom-
pletely compensated antiferromagnetism). Evidently, the
magnetization reached in 7 T is still far from the saturation
value of 144 Nuj calculated for 24 Mn>* and 8 Mn** para-
magnetic ions per molecule, i.e., appropriate for noninteract-
ing spins. The finite slope of the magnetization curve remain-
ing in high field can therefore be attributed as arising from
the gradual decoupling of the antiferromagnetic interaction
within the triangles (J is the strongest exchange interaction
present in the structure).

Figure 3 shows the measured low-temperature specific-
heat C/R data as a function of temperature for several ap-
plied fields. The main feature is the peak in the zero-field
data observed at 7,=0.32 K, indicating a phase transition to
long-range magnetic order. Its magnetic origin is indeed
proved by the fact that this feature is quickly and fully sup-
pressed in external fields By=0.5 T. The effect of further
increasing B is to shift the magnetic contribution to the spe-
cific heat toward higher temperatures (Fig. 4). In agreement
with the M(T,B,) data, the analysis of the field-dependent
heat capacity reveals that magnetic interactions between
single-ion spin centers are relatively weak, though applied
fields of up to 7 T are not yet sufficient to fully decouple all
of them. As a comparison with the experimental data, Fig. 4
(top) shows the contributions (solid lines for By=1, 3 and 7
T, respectively) that result by summing together the Schottky
curves arising from the field-split levels of 25.5 Mn?** and
8 Mn** independent spins. It can be seen that the calculated
By=1 T curve fails completely to describe the experimental
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FIG. 3. (Color online) Temperature dependencies of the low-T
specific heat C normalized to the gas constant R collected for ap-
plied magnetic field By=0, 0.1, 0.2, 0.3, 0.4, and 0.5 T, as labeled.
The peak in the zero-field data observed at 7.=0.32 K indicates a
phase transition to long-range magnetic order. This feature gradu-
ally shifts with increasing field and is finally suppressed for B
=05 T.

behavior. However, higher fields promote a larger decoupling
between the individual spin centers, yielding thus to an in-
creasingly much better agreement, as indeed shown in the
Fig. 4. In the high-temperature range above 6 K a large field-
independent contribution appears, which can be attributed to

100 =

C/R

magnetic entropy / R

FIG. 4. (Color online) Top: temperature dependencies of the
specific heat C normalized to the gas constant R collected for By
=0, 1, 3, and 7 T, as labeled. Solid thick lines are the sums of the
calculated Schottky contributions of all independent spins; dashed
line is the fitted lattice contribution; and dotted line is the high-T
dependence (=T2) of the zero-field magnetic anomaly. Plotted also
are the extrapolated spin-wave contributions (<73 and T%?), as la-
beled. Bottom: 7" dependencies of the experimental magnetic entro-
pies for several B, as obtained from the respective magnetic con-
tributions C,, to the total specific heat.
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the lattice phonon modes of the crystal. The dashed line in
Fig. 4 (top) represents a fit to this contribution, with the
well-known low-T Debye function yielding a value of @
=15 K for the Debye temperature, as is typical for this class
of weakly coupled cluster compounds.?

The occurrence of long-range magnetic order implies a
negligible molecular magnetic anisotropy; otherwise super-
paramagnetic blocking would have occurred at a more el-
evated temperature, thereby inhibiting the phase transition.!?
Indeed, dc-susceptibility measurements carried out down to
0.35 K showed no sign of superparamagnetic blocking. The
argument is particularly strong in view of the very low value
of T,. In terms of MCE, we remind that negligible anisotropy
is particularly favorable for obtaining large magnetic entropy
changes.>% In addition, since maximum entropy changes are
found at magnetic ordering temperatures, phase transitions
are also favorable for enhanced MCE.>!3 From the experi-
mental specific heat (Fig. 4) the temperature dependence of
the magnetic entropy S,,(T) is obtained by integration, i.e.,
using

T
s,m= [ Dar, m
0

where C,(T) is the magnetic specific heat as obtained by
subtracting the lattice contribution to the total C measured.
The so-obtained S,,(7) is shown in the bottom panel of Fig. 4
for the corresponding applied fields. The results obtained
slightly depend on the extrapolation to 7=0 chosen for the
data, especially for By=0 because of their larger values. As
indicated in the Fig. 4 we have used for the zero-field data
either a «T3 or «T%? dependence, as would be appropriate
for the spin-wave contributions for an isotropic 3D antifer-
romagnet or ferromagnet, respectively. We note that the zero-
field entropy value attained at and just above T is of consid-
erable importance within the present context since it gives a
direct determination of the value of the spin state involved in
the magnetic phase transition through the following relation:

AS,, =R In(2S+1). 2)

Assuming the antiferromagnetic interactions between the
central Mn** ion and the three peripheral Mn?* ions in each
triangle to be strong enough to yield a well-defined S=6 state
below 1 K, ordering of these S=6 spins within and between
the Mnj, molecules would yield an entropy change 8
X R In 13=20.5R, in good agreement with the experimental
value found near 0.4 K. As the temperature is further in-
creased above this value the entropy content associated with
the antiferromagnetic ordering within the triangles is gradu-
ally removed, as seen by the continuously increasing experi-
mental S,,(T) curves. The maximum entropy value per mole
involved, corresponding to 8 Mn*" spins s=3/2 and
25.5 Mn** spins s=5/2 is calculated as 56.7R. This value is
not reached experimentally since the determination of the
magnetic S,,(7) becomes too uncertain above 7=~8 K. In
addition, we point out that assigning the phase transition to
be due to a purely intermolecular magnetic ordering process,
i.e., assuming full magnetic order between the eight spin S
=0 triangles inside each molecule, would lead to a maximum

PHYSICAL REVIEW B 79, 104414 (2009)

AS,,=R[In(2S,+1)+1.5X1n 6]=7.3R only, even when
adopting the highest possible total spin S;,,=48/molecule ob-
tained in case of ferromagnetic alignment.

Having thus established a model for the magnetic struc-
ture of the Mns, molecule, we next evaluate the magnetic
interaction constants. For the antiferromagnetic coupling J
inside the triangles (Fig. 1), we can use the value of the slope
of the magnetization curve at highest fields and lowest tem-
perature, xup=dM/IH~=~4.5X10"*Nu,G~', as argued
above. Equating this to the theoretical perpendicular suscep-
tibility of the Heisenberg antiferromagnet,

Ng*uyg

4z|J] ° )

XL1=

with z=3 the number of exchange-coupled Mn**-Mn** pairs
inside each triangle, gives J/kz=0.07 K. With regard to the
coupling between the spins S=6 of the triangles, it is not
possible to distinguish between intramolecular (/' in Fig. 1)

and intermolecular interactions; only an average J can be
found. A first estimate is obtained by comparing the experi-
mental 772 term, CT?/R=2.9 K? to the theoretical expres-
sion for the high-temperature tail of the magnetic specific
heat, i.e.,

cr AlS(S+1)|f|T
— =2zl ———— | ,

R 3k @

where Z is the number of nearest magnetic neighbors be-
tween different triangles and n=1, 2, and 3 for Ising, XY, and
Heisenberg models, respectively.'* This comparison provides

212jy kp=0.05 K. Using the mean-field expression for the
transition temperature,

22|718(S + 1
_ ZJIS(S+1)

T 5)
one finds from 7,.=0.32 K a value Zj/sz0.0l K. This is
probably an underestimate since usually the actual transition
temperature is appreciably lower than the mean-field predic-
tion. From the experimental value of the critical field needed
to fully suppress the magnetic ordering anomaly, B,
=(0.5 T, and using the prediction

22J|S
g~ 2 (©6)
8Mp

for the Heisenberg antiferromagnet, we obtain 2 kg
=0.03 K. One may conclude that the interactions inside the
triangles are indeed substantially larger than those between
them but that the difference is not that large, in agreement
with the above discussed temperature dependence of the en-

tropy.

III. EVALUATION OF THE MAGNETOCALORIC EFFECT

We next evaluate the MCE for the Mns, molecular com-
plex. This procedure includes the calculation of the isother-
mal magnetic entropy change AS,, and adiabatic temperature

104414-3



EVANGELISTI et al.

Ye aB=7T X

g 6T > 2T
— e A 5T <4 1T
X 4 ¥ X 4T & 05T
3) X AQ** )
- ¥ A< e
310' > X xXAZQ** S,Ot__48_
(/)E <y P ><>< X AZQZ\‘?**““’..
Qs L b X Ky aadany
| 4 DD Xxx¥%.Aﬂ/_\,.'

- ]

4

T (K)

FIG. 5. (Color online) Top: T dependencies of the magnetic
entropy change AS,,(7T) as obtained from magnetization data (Fig.
2) for the indicated applied-field changes AB,. Dotted line is the
limiting entropy assuming paramagnetic S;,,=48. Bottom: T depen-
dencies of the adiabatic temperature change AT,y as obtained from
heat-capacity data (Fig. 3) for the indicated AB,.

change AT,y following a change in the applied magnetic
field ABj, from the measured magnetization and specific
heat, respectively. In an isothermal process of magnetization,
AS,, can be derived from Maxwell relations by integrating
over ABy=B;—B;; that is,

By { IM(T,B,)

ASm(T)ABO = f T

B:

i

From the M(T,B,) data of Fig. 2, the obtained AS, (T) for
several AB, is displayed in Fig. 5 (top)." It can be seen that
—AS,,(T) reaches a remarkable maximum of 18.2 J kg™! K™!
(equivalent to 23.2R) at T=1.6 K for ABy=(7-0) T and
that this maximum decreases both in magnitude as well in
temperature by decreasing AB,. The adiabatic temperature
change can be estimated as

AToy(Tap, = [T(S,)p, = TS, s, (8)

directly from the experimental magnetic entropy S, depicted
in Fig. 4, which we previously obtained from the heat-
capacity data. Note that the uncertainty in the determination

:| dB,. (7)
B
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of the field-independent lattice contribution is irrelevant for
these calculations and cancels out since we deal with differ-
ences between entropies. Figure 5 (bottom) shows that AB,
=(7-0) T provides a maximum AT,4=6.7 K for the same
temperature range in which we observe the —AS,, maxima.
By lowering AB; to (3—-0) and (1-0) T, AT,q decreases
down to 4.5 and 2.2 K, respectively. In contrast the magnetic
field dependence of the adiabatic temperature change in-
creases from =1 to over 2 K/T, respectively, setting this
material among the most efficient refrigerants for this low-
temperature range.5

Let us compare these results with the hypothetical situa-
tion in which for the whole investigated temperature and
field range Mnj3, would possess a large well-defined molecu-
lar spin ground state, e.g., the highest possible total spin
Siot=48. In that case, AS,, could not exceed the full magnetic
entropy content of R In(2S,,+1), which corresponds to
3.6 Tkg™! K™! only and is depicted in Fig. 5 (top) together
with the experimental results for comparison. Clearly, the
experimental AS,, ridicules this hypothetical limit since
it is seen to become about five times larger for AB
=(7-0) T. We can conclude that the macroscopic degen-
eracy of the molecular spin states is playing the dominating
role in determining the MCE of the Mn;, molecular com-
plex, being a much more important factor than the (field-
stabilized) high-spin value'” or the negligible anisotropy.>®

IV. CONCLUSIONS

In conclusion, we have shown that with Mnjs, the emerg-
ing field of low-temperature magnetic refrigeration using
molecule-based materials has clearly been enriched with an
excellent candidate. In particular, Mnjs, is the best perform-
ing material found so far, when cooled down to (1-2) K as
the starting range for the adiabatic demagnetization. The lat-
ter range is of considerable technological interest because it
is easily reachable by pumping liquid *He. From the pure
scientific point of view Mns, provides a rare example of an
enhanced MCE almost entirely due to macroscopic spin de-
generacy. As we have shown this arises from its relatively
high nuclearity, in combination with the weak magnetic in-
teractions between and within the triangular spin units that
compose the magnetic core of the molecular clusters.
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