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Abstract

Generation of low temperatures below 1 K has been required for applications and fundamental research, given this, devel-
opment of new materials utilized for demagnetization cooling has extensively been performed in recent years. Here, we
studied two polynuclear Gd**-based molecular compounds of Gd, 53[Gd,(OH),(OAc);][Rh,Zn,(L-cys),,]-32H,0 (1g4) and
Gd, 331Gd4(OH)(OAc);][Ir,Zn,(L-cys),,]-28H,0 (2¢4) (L-cys =L-cysteinate) which show paramagnetic even at low tem-
peratures due to their frustrated arrangement of Gd>* ions. We discuss the magnitude of the magnetocaloric effect (MCE)
in them inferred from the isothermal magnetic entropy change (AS),) from isothermal magnetization data. The — ASy™ of
1gqand 24 are 15.15T kg™ K™' and 17.49 J kg™ K™! occur at 2.0 K under an applied field from 0 to 7 T, respectively. We
also discussed the results of heat capacity measurement under magnetic fields to confirm the validity of the entropy change
for 1;4. Furthermore, with an aim of detecting their MCE directly, we have developed a new non-magnetic and metal-free
magnetocaloric measurement cell. The adiabatic temperature change (AT,,) occurs in a small amount of sample on an
order of 10*-microgram with the application and removal of various magnitude magnetic fields starting from several initial
temperatures were detected directly, to evaluate the potential of them to be a refrigerant for an adiabatic demagnetization
refrigerator. The instrumental design for direct measurements of MCE is described along with the construction details.

Keywords Magnetocaloric effect - Molecular refrigerant - Gadolinium - Cubane - Frustrated

Introduction

Increasing interests and demand for achieving extremely low
temperatures below the liquid helium temperature region
using a handy cryostat are rapidly expanding both in science
and engineering. This growth is driven by the promising
usage of quantum computing, nano-dot devices, etc. oper-
ating under low-energy and precise conditions. Promoting
the development of refrigeration systems that can work at
low cost and sustainably has become essential for cryogenic
industry for handling these new quantum techniques [1].
Magnetic refrigeration is an emerging, low-cost, environ-
ment-friendly technology based on the magnetocaloric effect
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(MCE). Nominally, MCE is a magneto-thermodynamic phe-
nomenon that manifests a change in material temperature
through entropy change induced by a change in an external
applied magnetic field under adiabatic conditions. The aline-
ment of spin directions and their redistribution by the release
of internal energy induced by magnetic fields lead to changes
in adiabatic temperature [2—6]. From the scientific view-
point, MCE can probe interactions between spins and other
degrees of freedom for example phonons in crystal lattices.
These phenomena are utilized for making drastic changes
in temperatures only by varying external magnetic fields
[7]. In fact, without using *He and *He-*He mixture gas, it
is possible to get cryostat available temperatures below the
liquid helium range where the quantum sciences and their
technology become realistic.

As for the materials to give MCE, ferromagnetic mate-
rials including transition metals Fe or Co are widely per-
formed because of their high spin states with large magnetic
moments resulting in entropy shift up to the higher tempera-
ture side upon applying a magnetic field giving favorable
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situation for MCE [8-10]. In particular, cubic Laves phase
(AB,) materials such as ZrFe,, GdCo,, etc. have been typi-
cally studied for adiabatic demagnetization coolers [8, 9,
11-16]. And the B-doped La(Fe,Si, _,),3B, are used as room
temperature magneto-cooling materials [10, 17-19]. Com-
pounds with Gd** ions offer advantages for giving large
magnetocaloric effects since Gd>* is 4f” configuration with
unpaired electrons spin without possessing orbital quantum
numbers [20, 21]. Notably, ferromagnetic material such
as Gds(Si,Ge,_,), [2], have been extensively studied near
room temperature to produce giant magnetocaloric effects
[22-26], and still serves as a reference material. It is more
recently suggested that the crystals of polynuclear metal
complexes or coordination polymers of Gd** with organic
ligands can attain large MCE powers to reach extremely low
temperatures since the high degeneracy of spin levels in 4f’
of Gd*" ions can generate paramagnetic MCE through the
Zeeman splitting. According to previous reports, extensive
studies of molecules-based compounds aiming to achieve
cooling applications at ultra-low temperatures have emerged,
as their MCE can be larger than that observed in the best
intermetallics and alloys [27-30]. A molecular magneto-
cooling material reported by Roubeau et al. [31] shows large
magnetic entropy change of —ASF*=40.0J kg' K atT
=1.8 K at AH =7 T. Furthermore, higher performances
have been investigated in polynuclear cluster complexes of
Gd** for getting cryocooling materials. Luo et al. [32] have
synthesized a large lanthanide-exclusive cluster complex of
[Gdgo(CO3)5(CH;CO0) 15(kp-OH)4 (113-OH) 96 (H,0)56 1 (NO;
)15B115(dmp)s-30CH;0H-20Hdmp (1-Gdg), the — AST™ of
itis 48.0 Jkg™! K™' at 2 K for AH="7 T, which is quite large
among reported high-nuclearity lanthanide clusters.

For obtaining good cooling power in these molecules-
based magnetic materials, it is necessary to reduce inter-
actions between neighboring spins which tend to show
antiferromagnetic behaviors due to the superexchange
type mechanism [33, 34]. Furthermore, the introduction of
organic ligands works to decrease the density of magnetic
ions compared with intermetallic compounds that sometimes
become an obstacle to dense assembly of Gd** ions in a
crystal. These are contradictory conditions and compete with
each other in designing Gd**-based molecular cooling mate-
rials. Introducing frustrated structures into the polynuclear
cluster units can be a kind of solution for this problem since
the strong frustrations prohibit the formation of ordering
and then keep paramagnetic states down to low temperature.

Here, we focus on a system of Gd-cluster system of
cubane-based coordination polymer materials. Crystals of
Gd, 531Gd,(OH),(OAc);][Rh,Zn,(L-cys),,]-32H,0 (154)
and Gd, 33[Gd,(OH),(OAc);][Ir,Zn,(L-cys),,]-28H,0
(2¢gq) (L-cys=L-cysteinate) were prepare by Yoshinari
et al. by single-crystal to single-crystal method [35].
They successfully introduced a tetranuclear cubane-type
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Gd-cluster into a metallo-supramolecular framework,
wherein the Gd** ions form a triangle shape within the
cubane structure resulting in geometric frustration that
weakens the internal correlation between Gd metal ions
[36-38]. Although the neighboring Gd-Gd distance is
much closer than other Gd-cluster compounds, they do
not show long-range ordering due to the frustration forms
from the cubane. Using the newly constructed apparatus,
we directly measured the MCE and compared the results
with those of magnetic susceptibility and the heat capacity
measurements under magnetic fields.

Experimental

The crystal structure of the compounds 154 and 24 are
shown in Fig. 1. The synthetic details of the anionic frame-
work of [Rh,Zn,(L-cys),,]° are as reported in Ref. [35] and
replacements of counter cations from hydrated Li*, K*, Cs*
ions to Gd>* are also illustrated in the literature. The peculiar
structural feature of these compounds is that Gd** ions form
a cubane cluster in the main frameworks. The neighbor-
ing Gd-Gd distance in each material is 3.81 A and 3.82 A,
respectively, which are relatively smaller than those of other
molecular clusters mentioned in the introduction, the forma-
tion of cubane network may form a frustrated structure.

The temperature dependence of magnetic susceptibility
and isothermal magnetization measurements for 154 and 2¢4
were performed by a commercial Magnetic Property Meas-
urement System (MPMS) XL system. The data of isothermal
magnetization were collected between 2 and 10 K up to the
maximum magnetic field of 7 T. The sample mass of 14
and 24 is 10.2385 mg and 20.0760 mg, respectively. MCE
can be effectively estimated with the isothermal magnetiza-
tion curve obtained at different temperatures. The so-called
Maxwell relation gives an entropy change at designated tem-
peratures by the formula of [39, 40]

Hy

oM(T,H
ASV(T)pn zﬂo/ <%> dH (D
H

where H; is the initial field, H; is the final field, and g is
the vacuum permeability [5]. A declination in the degree of
disorder in the magnetic moment distribution occurs with
the increase of magnetic field, hence, AS), turns to a negative
value in this definition. Therefore, — AS), is generally taken
as one of the features to measure the MCE. Similarly, AT,
can be visualized as the isentropic difference between the
related total entropy S, (7', H) functions associated with the
demonstration of MCE, dS = 0 in terms of no change in the
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Fig. 1 a Crystal structure

of Gd, 33[Gd,(OH),(OAc);]
[Rh,Zn,(L-cys),,]-32H,0
(1gq) (L-cys=L-cysteinate)
(Mw=3621.44 g mol), b
Packing structure in 1g4. €
Schematic view of the Gd
cubane cluster structure, d
Lattice parameters and crystal
symmetry of 154 and 2¢4

total entropy because of adiabatic condition, then integrate
the variations in the magnetic field [39]:

H,

f
T (OM(T,H)
ATad=—Mo/—<—> dH (@)
S\ ),

The heat capacity of 154 was measured by the thermal
relaxation technique for a pellet sample of which total
mass is 432.4 pug. The sample was pressed into a pellet
and adhered to the sample stage using a small amount of
Apiezon N grease to maintain thermal contact between the
pellet and the sample stage. The background heat capacity
including the grease was measured in a separate run and they
were subtracted from the total heat capacity data obtained
at each magnetic field. The integration of CpT‘1 from the
minimum temperature to 10 K and up to a maximum field
of 5 T gives the temperature dependence of entropy. The
measurement range of the heat capacity is from 0 to 5 T and
the temperature interval is 0.9—10 K for each magnetic field.
The lattice contribution has been evaluated by the Debye
model approximation using the 73 term of the nonmagnetic
reference component of 14.

The direct variations of temperature induced by MCE
were recorded using a homemade magnetocaloric cell
designed for sub-mg samples of molecular compounds.

Gd......Gd distance in 1Gd =3.81 A
Gd......Gd distance in 2Gd = 3.82 A

1Gd 2Gd
Space group P23 P23
Crystals system  Cubic Cubic
a/A 23.848(2) 23.762(2)
al® 90 90
VIA3 13562(3) 13417(2)

A similar method was performed by Korolev et al. in Ref.
[41] for higher temperature regions near room tempera-
ture. Given that our molecular compounds show the MCE
at extremely low temperature regions, we have developed
a precise measurement system for small sample amounts
on the order of 10?-ug. The cell is equipped with the *He
probe and is available in variable temperature insert with
a 9 T superconducting magnet. To realize an adiabatic
environment, the sample cell is placed in a high vacuum
below 0.1 mPa and heat loss through wires is minimized by
using thin wires as leads. The temperature of thermal bath
linked to the heat sink (7}) is stabilized at a fixed tempera-
ture between 1.8 and 0.8 K by using “He or *He gas. The
detailed structure of the cryostat is schematically shown in
Fig. 2. Figure 3 represents a schematic drawing and photo
picture of the magnetocaloric measurement system. The cell
holder and the thermal bath are made of bakelite (polyoxy-
benzylmethylenglycolanhydride) owing to its insulating con-
ductivity and relatively lower heat capacity [42], which can
significantly suppress undesirable temperature rise induced
by eddy currents in metals such as Cu and stainless by rapid
field-sweeping [43, 44] of 1.7 T min~'. As for the sample
part, two ruthenium oxide chip-type resistors, RuO, (1000
Q at room temperature), were mounted at the center of the
cell as thermometers, one was used for detecting the resist-
ance and served as the platform of sample. The other sensor

@ Springer



Y. Zhang et al.

Valve 1

Thin LGSSP
(~ 103 Pa)

Wide LGSSP
(~ 1073 Pa)

Radiation
shield

Inserting
part

Gas-liquid mixture
‘He (1.4 K-1.8 K)
or
*He (0.6 K-0.8 K)
Heat sink

(Cu block)

Cell holder

Vacuum tube

Gas-liquid mixture “He (1.4 K-1.8 K)

Fig.2 Schematic of insert probe

was used as a reference, and the temperature differences
between the sample (7;) and the reference (7,), denoted as
AT (AT =T, —T,), were detected. Both thermometers have
weak thermal links with the heat sink through chromel wires
(® =13 pm) that also work as leads for temperature detec-
tion. The wires were attached to the sensor by carbon paste
and the contact parts were covered with epoxy to reinforce
the bonding part instead of solder to avoid anomaly by the

superconductive transition of it during magnetic field sweep.
To improve accuracy for measuring the resistance of the
sensor, we cleaved the insulating parts of the chips made
by Al,O; down one-third of their original mass to minimize
heat capacity and applied a sample in microgram amount for
measurements. A calibrated CX-1030 resistance thermome-
ter (LakeShore) was set at the bottom of the stage, aiming to
control the bath temperature of the cell and to carry out the
temperature calibration from the data obtained from these
two chip-type resistors. We monitored these two thermom-
eters by sweeping the magnetic field while keeping the base
temperature almost constant, collected the temperatures of
the two thermometers, and recorded their temperature dif-
ference AT . From the results of blank measurements from 0
to 5 T, no appreciable temperature difference was observed
between them even at the relatively fast sweeping rate of
0.6 T min~', which means that the effects of the magnetic
response of the addenda, such as Apiezon N grease, can be
ignored. In this system, the signals were detected by model
370 AC resistance bridges (LakeShore) & model 340/350
temperature controllers (LakeShore).

Results and discussion

Figure 4a shows isothermal magnetization curves (M—H) of
14 obtained between 2 and 10 K with magnetic fields up to
7 T. The magnetization curves obey the Brillouin functions of
S§=7/2 in all temperature ranges which demonstrates that the
Gd* ions are in paramagnetic state. Although a small decrease
in ¥T is observed in the yT versus T plot below about 5 K,
the paramagnetic Curie-temperature is about 8=—-0.24 K
and there appears no magnetic ordering (In Fig. 5a). The
experimental magnetic entropy change was then determined
using the formula of Maxwell relation (Eq. 1) for the whole

Sample system (1000 Q at RT, RuO, thermometer)

Heat bath thermometer (CX-1030)

[alfa)
T

~

Chromel wire (® =13 um)

Copper wire £\~ _H
(® =100 pm) Uy
Sample (pg) Electric seal board

Fig.3 Schematic of magnetocaloric measurement cell
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Fig.4 a Isothermal magnetization M versus field p,H for
Gd, 35[Gd,(OH),(OAc);][Rh,Zn,(L-cys);,]-32H,0 (1gq), tempera-
ture from 2 to 10 K and field up to 7 T. b Temperature dependence
of negative isothermal magnetic entropy change —ASy(T),y [Inte-
gral of Eq. (1)] for 1g4, as derived indirectly from isothermal mag-

series from the isothermal magnetization curves we obtained.
The results are shown in Fig. 4b. The red solid line and the
squares represent the entropy change in the case of AH is 7 T
(AS\(T)q7), which indicates the maximum absolute value of
the entropy change (— ASp™)is 15.15J kg™ K™ at 2.0 K.
Figure 4c shows the isothermal magnetization curves of 254
compounds. The temperature dependence of 7" and isother-
mal magnetization curves show a similar tendency with the
first sample, although a slightly larger 6=—0.75 K can be
observed. The saturation of magnetization M (emu g™') near
7 T shows an almost equivalent tendency between two com-
pounds. These facts indicate that the magnetic states of 14
and 2,4 are almost the same. The calculated — AST™ value
of this compound is 17.49 J kg~! K at 2.0 K as presented in
Fig. 4d. The theoretical value of — AST™ can be evaluated

b 1op
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Magnetic entropy change —48S,,/J kg 'K

netization data, c¢ Isothermal magnetization M versus field uyH
Gd,) 33[Gd,(OH),(OAc);][Ir,Zn,(L-cys),]-28H,0 (2g4) temperature
from 2 to 10 K and field up to 7 T. d Temperature dependence of
negative isothermal magnetic entropy change ASy;(T),y for 2¢4

from the contribution of the uncoupled Gd>?* ions as [30, 45,
46]:

ASgg =nRIn(2S+ 1) 3)

where n accounts for the number of moles of Gd in 14,
that is, ngy=4.33, S=7/2. Therefore, the theoretical value of
— ASy;i520.67 J kg' K~'. The experimental — ASy; of 154
achieves up to 73% of the ideal magnetic entropy change.
In comparison, 254 reaches 91%, which indicates that the
value of 244 is remarkably close to the theoretical value
performing better MCE. The discrepancy between experi-
mental and theoretical values may be ascribable to the weak
antiferromagnetic interactions between the Gd** centers, as
demonstrated in the Curie—Weiss analysis [47].
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Fig.5 The yT versus T plot of a 154 and b 254 (H=1000 Oe). A
comparison of the y7T versus T plots from 0.5 to 7 T derived from
Fig. 4a [Inset of (a)] and Fig. 4c separately [Inset of (b)]

The variation of magnetic entropy available for MCE can
be evaluated by the heat capacity measurements under mag-
netic fields up to 7 T. The temperature dependence of the
heat capacity divided by temperature of 14 is described in
Fig. 6a. The 0 T data shown by black color does not show
any peaks in this temperature range which demonstrates that
the absence of long-range orderings of spin down to the
minimum temperature of 0.8 K in the present study. How-
ever, the small upturn of C,, T~!detected at low temperature
regions below 3 K in the 0 T data suggesting that the release
of magnetic entropy due to the degeneracy of S=7/2 spin
occurs at a lower temperature range. This result certainly
demonstrates that the ground state of compound 14 is kept
as paramagnetic. The data with magnetic field of 1 T shown
by the red dotted line reveals larger upturn compared to the
case of 0 T. With increasing the magnetic field, C, T~!shows
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a peak structure that shifts to a higher temperature. This ten-
dency can be explained by the Schottky heat capacity result-
ing from the Zeeman splitting of octahedral degeneracy. The
magnetic entropy S(7, H) can be calculated by integrating
C(T.H)T -1, and the temperature dependence of them are
shown in Fig. 6b. The magnetic entropy data of the O T are
not so clear as the extrapolation of the data is difficult. How-
ever, it is considered that the upturn should be the high-tem-
perature tail of the Schottky anomaly and saturation entropy
at higher temperatures is adjusted as the full entropy value
of 4.33RIn8/M¢q (Mygq=3621.44 g mol™). Therefore, we
show the entropy of 0 T data so as to reach 4.33RIn8/M, g4
at a higher temperature region in the plot. This temperature
and magnetic field dependences of 1,4 demonstrate that the
material is available for demagnetization cooling by using a
large entropy difference between 0 and 3—5 T curves in the
liquid helium temperature range.

In this section, we discuss the direct measurements of
MCE results obtained using the system constructed in this
work. The cooling experiments were performed under
a high vacuum environment (less than 107 Pa) for 1g4
(m=829.5 pg) and 254 (m=627.1 pg), at various field cycles
(0 T—H—0T) and two bath temperatures separately. With
these experiments, it is possible to detect the heating/cool-
ing due to the adiabatic change of the spin entropy in Gd*",
namely, the decrease of entropy during the adiabatic conduc-
tion caused by the alinement of spins induces cooling of the
sample. The results of temperature profiles during the mag-
netic field sweeping obtained for 154 and 2,4 samples are
shown in Fig. 7; The black solid squares represent sample
temperature while reference temperature is denoted by deep
blue solid squares and the red solid squares stand for the val-
ues of the external magnetic field. A successive reduction in
T, as the result of MCE along with the demagnetization. The
T, do not change drastically since the reference cell only con-
tains small amounts of magnetic impurities, i.e., some metal
and a small amount of solder used as electrodes. During the
de/magnetization process, the temperature of the heat sink
made by bakelite is kept at a constant value (7},) by a tem-
perature controller (LakeShore model 350). By increasing
the magnetic field, the temperature of the sample increases
due to the decrease in magnetic entropy. The temperature
gradually comes back to the original temperature due to the
small heat leak by the lead wires (13 pm, chromel). The
demagnetization process induces the decrease of tempera-
ture, and reaching the minimum temperature attained by adi-
abatic demagnetization.

The minimum temperatures attained by the sample of
1gq are 0.45 K and 0.29 K from an initial temperature
of 1.63 K with a field change of 3 T and 0.89 K with a
field change of 2 T separately seen from Fig. 8a. The so-
obtained AT ;= 1.63-0.45 K~ 1.18 K, yielding a cooling
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Fig.8 Adiabatic change of sample temperatures as a function of
the applied field on demagnetization. a Crystal 1g4 achieves at
450 mK and 290 mK from 7;=1.63 K and H;=3 T and 7;,=0.89 K
and H;=2 T initial conditions, respectively; (b) crystal 2,4 achieves
at 580 mK from 7;=2.10 K and H;=4 T initial conditions

rate (v) of 0.39 K T~!. In the latter case, AT, is approxi-
mately 0.6 K and the v is 0.3 K T~!. Figure 8b reveals
the sample of 254 cools to 0.58 K when zero applied
field from 2.1 K at 2 T. Its AT,;=1.52 K,v=0.38 K T~
Of note, the cooling effect, 2¢4 S 1gq is not equivalent to
the results from magnetization and heat-capacity analysis,
nevertheless, it should be noted that the sample amount
of 144 18 32.3% more than 244, and the cooling effect
corresponds to the amounts of refrigerants. Moreover,
the paramagnetic Curie-temperature of 24 is a slightly
higher than 14, suggesting that 154 is more effective in
maintaining the paramagnetic state than 244, especially
below 1 K. Additionally, the base temperature stability
in the case of 2G4 was not so good compared with 144
inferred from reference and bath temperature. Hence, we
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cannot ensure enough accuracy for the data of sample
24 at present. However, by comparing the AT, curve
and magnetic data, a similar tendency between 1 and 24
was observed.

We consider that the appearance of such large magne-
tocaloric effects in these two compounds may be attrib-
uted to the peculiar cubane structure of these materials.
Although the Gd density is high in the cationic part of the
crystals, the Gd** ions do not interact to form ordering
since the Gd-cluster is frustrated which works to prohibit
the long-range ordering. It is difficult to form a trian-
gle or Kagome-type frustration frame by the Gd** due to
the relatively large atomic radius, the cubane structure
is more possible for lanthanide ions. Quite recently, a
frustrated molecule-based material, Gd(OH)SO,, inves-
tigated by Han et al. [48] was observed with — AST# of
53.5 1 kg™! K7! for AH=7 T and T=2 K, suggesting
that the MCE is indeed enhanced by geometric frustra-
tion, however, no direct magnetocaloric measurements
are available. Notable the materials also have network
cubane structure.

Conclusions

We report the magnetic properties and thermody-
namic properties of two frustrated lanthanide molecu-
lar compounds, Gd, ;3[Gd,(OH),(OAc);][Rh,Zn,(L-
cys)2]-32H,0 (1gq) and Gd33[Gd4(OH)4(OAc);]
[Ir,Zn,(L-cys),]-28H,0 (2g4) (L-cys =L-cysteinate),
where the Gd** ions form cubane structure with frustrated
structure. The frustrated configuration of Gd>* spins in the
cubane structure was found to lead to the low temperature
paramagnetic state and prohibit the magnetic transition,
as these systems remain paramagnetic at least down to
290 mK. The — ASy™ of 154 and 24 determined by iso-
thermal M—H curve is determined to be 15.15 J kg=! K™!
and 17.49 J kg! K™! at 2.0 K under AH="7 T, respeac-
tively, and the results of heat capacity of 14 are consist-
ent with the magnetization characteristic. Direct detection
of magnetocaloric effect by the newly constructed system
reveals that the materials with this cubane network can
attain extremely low temperatures below 1 K using the
demagnetization range from 2 to 4 T.
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