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We report the characteristic magnetic properties of several members of the family of rare-earth gar-
nets, Gd3GasO1, (GGG), Dy;Gas01,, Tb3GasO1,, and Nd;Gas0,,, and compare their relative potential
utility for magnetocaloric cooling, including their minimal adiabatic demagnetization refrigeration (ADR)
temperatures and relative cooling parameters. A main objective of this work concerns the identification
of potential improvements over the magnetocaloric properties of GGG for use in low-temperature ADR
cryostats. Using Tb™> and Dy*? at the rare-earth site offers, in principle, a higher saturation magnetization
and Nd*? gives a lower de Gennes factor and therefore potentially reduced magnetic transition tempera-
tures, limiting the useful temperature range. Our results show that Dy;GasO;, yields an optimal relative
cooling parameter at low applied fields and low limiting temperatures, which would allow for the design

of more efficient ADR cryostats.
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I. INTRODUCTION

Adiabatic demagnetization refrigeration (ADR) tech-
niques based on the magnetocaloric effect (MCE) are
becoming an increasingly popular means of cryogenic
cooling. Thus, materials that can further improve the per-
formance of ADR devices are in high demand. The magne-
tocaloric effect is a phenomenon in which certain materials
change temperature in response to an externally applied
magnetic field. In essence, the temperature of such a mate-
rial increases when an external magnetic field is applied
in an adiabatic fashion and then, upon the removal of the
applied field, adiabatic demagnetization (ADM) processes
restore the original temperature and create a closed ther-
modynamic cycle. These thermodynamic responses and
processes are typically highly reversible, and consequently
exhibit energy efficiencies desirable in a variety of prac-
tical application contexts. In fact, since the interaction
between the magnetic moments and the magnetic field
coupling is a quantum mechanical effect, thermodynamic
heat pumping cycles can approach 100% efficiency when
hysteresis and eddy currents are both negligible.

Magnetic refrigeration technologies based on the MCE
offer potential energy savings up to 30% [1] compared
with other conventional techniques, and do not require the
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use of any refrigerant gases. Thus, the MCE solid-state
technology has the potential to significantly reduce the
environmental impact in comparison to mainstream cool-
ing technology. Such refrigeration technology is utilized
in a diverse array of applications, which include mag-
netic resonance imaging (MRI) scanners, low-temperature
sensors (including detectors in satellites for astrophysical
observations), spintronic devices, and in creating suitable
environments for reliable quantum computing processes.

Precision categorization and quantification of both the
universal and distinct ADM characteristics in the mate-
rials exhibiting the MCE is an ongoing endeavor. This
knowledge would allow for the tuning and optimization
of these properties for use in the various potential appli-
cations outlined above [2,3]. In this paper, we concentrate
on materials with the potential utility for operating low-
temperature cryostats between 4.2 K and 300 mK, such as
the ADR cryostats of kiutra GmbH [4].

The following criteria must be considered in the search
for an ideal refrigerant suited for low-temperature ADM
applications: (i) large magnetic entropy densities, which
can be readily reduced through the MCE at low mag-
netic fields, (ii) no magnetic ordering within the operating
temperature range, (iii) low lattice entropy, (iv) near-zero
magnetic and thermal hysteresis, (v) high chemical sta-
bility, (vi) composition of noncorrosive substances, (Vvii)
straight-forward and cost-efficient fabrication, (viii) high
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electrical resistance, (ix) high thermal conductivity, and (x)
high specific heat.

Many of these criteria are fulfilled by magnetically
frustrated systems, like those in the rare-earth garnet fam-
ily. The different parameters such as compensation points
on the magnetization curve, the saturation magnetization
values, magnetocrystalline anisotropies, and lattice con-
stants can be adjusted by the substitution of different
rare-earth elements, e.g., Tb, Gd, Nd, and Dy, into the
garnet structure as shown in Fig. 1. This structure is geo-
metrically frustrated in three dimensions by virtue of the
interwoven hyperkagome lattice motif, which consists of a
two-dimensional (2D) network of corner-sharing triangles
facilitating low magnetic ordering temperatures [5,6].

Geometrically frustrated materials are especially inter-
esting for their nonhysteretic paramagnetic behavior down
to liquid helium temperatures. Additionally, these materi-
als have the desired attributes of chemical stability, high
electric resistance, noncorrosivity, and the possibility for
scalable cost-efficient fabrication. This gives them con-
siderable advantages compared to corrosive salts, such
as iron aluminium alum (FAA) [7,8] already in use for
ADR applications, as well as other metallic nonsuper-
conducting frustrated material systems like KBaYb(BOs3),
[9-12] and YbPt,Sn [13,14], which exhibit better heat-
conduction properties but are more difficult and more
expensive to fabricate. Other materials in the garnet fam-
ily, such as Gd;Gas_,Fe, 01, [15] and R3(Ga;_Fe,)s01;
(R = Gd, Dy, Ho; 0 < x < 1) [16,17] also show enhanced
MCE both in the sub-2-K region and as high as 80 K.
However, the complicated fabrication procedures of these
crystals limits their growth into sufficiently large single
crystals.

For ADR applications in the 0.3—4.2 K regime, mate-
rials, which yield a large change in entropy AS in the
temperature range of 0.02—5 K are required. To optimize
the ADR efficiency, it is desirable to have a strong magne-
tocaloric effect that manifests itself within the lowest pos-
sible applied magnetic field value. This would significantly
reduce the size and cost of the apparatus. The require-
ment of good thermal conductivity means that single-
crystal samples are preferable. In general, polycrystalline
materials have reduced thermal conductivity due to the
influence of grain boundaries, which can only be partially
compensated by an increase of the packing density.

II. OUTLINE

To determine the suitability for ADR of a given material
between 4.2 and 0.3 K, we mapped out the MCE [given
as the value of the change in entropy AS(7, B)] around the
interesting point of operation (IPO) defined as 7 = 4 K and
B =3 T. These IPO values represent the typical starting
conditions for an ADR system precooled by a pulse tube

100

FIG. 1. Depiction of the garnet crystal structure R3GasOi,
seen along the (111) axis (space group /a3d, no. 230), with the
relevant crystallographic directions marked. Broadly visible is
the interlaced hyperkagome lattice motif consisting of corner-
sharing triangles with rare earths at the vertices, with an angle of
70.5° between two neighboring triangles [18,19].

cryocooler. This map of AS(7, B) around the IPO is con-
structed from individual temperature scans under different
applied magnetic fields, which for this study are performed
between 0.05 K and 30 K and from zero to 6 T. AS(T, B)
is extracted from integrating over the M (T, B') /3T curves
for several applied magnetic fields, which precisely quan-
tifies how much entropy may be released when a magnetic
field is applied.

From the wide variety of materials in the rare-earth
gallium-garnet category R3;GasO, [20—24], we narrow our
focus down to the four most promising candidates for ADR
applications at 7 < 5 K. R3Gas0, are classified by their
common garnet crystalline structure where the magnetic
ions, e.g., Gd, form two interpenetrating corner-sharing tri-
angular sublattices. This structure yields a high degree of
geometric frustration of the electron spins, which can lead
to the absence of long-range magnetic order downto 7" < 1
K [25].

Gadolinium gallium garnet [26] (GGG) is a well-
established MCE material for magnetic refrigeration and
ADR systems in the 4.2-K temperature regime, due to the
absence of long-range ordering down to 0.025 K at zero
field. It exhibits several of the features that make it ideal for
ADR systems: lack of long-range order, lack of single-ion
anisotropy (L = 0 for Gd*"), chemical stability, high elec-
trical resistance, and a high density of magnetic ions with a
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FIG. 2. Photograph of the samples used for the measurements
in this work (note: DGG-2 is not shown). The samples (a), (b),
and (c) are used for VSM measurements in the PPMS. The larger
samples (d), (e), and (f) are used for VCM measurements in
the TL-400 for a better signal-to-noise ratio. The direction of
the applied magnetic field B is shown in blue. The measured
crystallographic direction is indicated by the red arrows.

large magnetic moment (Table I1). This allows for the full
magnetic entropy (RIn[2J + 1] = 17.29 JK~! mol Gd™")
[27] to be obtained in magnetic fields under 3 T. However,
GGG develops short-range order at temperatures below 0.8
K and a small thermal hysteresis. This limits its suitability
below 1 K because the full value of AS effectively cannot
be accessed.

To find a material with a higher AS at the IPO as well as
suppressed magnetic ordering temperature, we compared
other rare earth garnets with GGG. The three additional
samples in this category, which are characterized in our
study, are single crystals of Nd;Gas;O;, neodymium gal-
lium garnet (NGG) [20,28,29], Tb3GasO;, terbium gal-
lium garnet (TGG) [30—34], and Dy;Gas0O,, dysprosium
gallium garnet (DGG) [6,35—40]. The sample shapes are
shown in Fig. 2 and listed in Table I. NGG and TGG
are used as laser crystals, and so are readily available
as low-cost high-quality single crystals from a number
of suppliers. Additionally, TGG is shown to exhibit the
phonon Hall effect, which is known to arise from magnetic
ions coupling to lattice excitations [41,42]. DGG, while a
promising candidate for use in ADR systems generally, is
not easily grown in the form of large enough single crystals
for the ADR systems considered in this study.

Other reasons for examining the aforementioned mate-
rials are their single-ion properties, as outlined in Table I,

which are close to those of GGG. Table II shows the val-
ues of the Lande factor, g, the azimuthal quantum number,
J, the theoretical maximum saturation magnetization, g;.J,
and the de Gennes factor, & = (g — 1)2J(J + 1). The de
Gennes factor is often proportional to the Curie tempera-
ture of a ferromagnetic material, but can also account for
the ordering temperatures of frustrated systems like the
garnets [43]. As may be seen, Dy** and Tb** are espe-
cially promising candidates for replacing Gd*>", because,
in principle, they could combine a higher saturation mag-
netization My, with a similar Lande factor g;. With Dy>*
and Tb>*, there is a lower de Gennes factor than for
Gd*", which indicates a lower phase transition tempera-
ture and hence a better minimal ADR temperature Ty,
(i.e., the minimum temperature attainable by demagneti-
zation). Nd** yields the lowest de Gennes factor out of
the four materials, although it yields a much lower satura-
tion magnetization compared to Gd** [30,33,44]. Relevant
atomic values of the rare-earth elements are summarized
along with the main results of this study in Table II.

II1. METHODS

A. Sample preparation

All of the R3;GasO,, materials investigated in this study
form in the same Ja3d cubic crystal structure, illustrated in
Fig. 1. Each of the samples studied, as well as their mea-
sured crystallographic orientations, are shown in Fig. 2.
NGG and GGG are measured with the magnetic field
applied in the [100] direction, while TGG and DGG are
measured with B along the [110] axis. The orientations are
determined by Laue x-ray diffraction, and the samples are
mounted accordingly for measurements along the different
dimensions.

All of the samples are supplied as cylinders. The DGG,
NGG, and GGG crystals are obtained from IMPEX High-
tech, whereas the TGG is purchased from Electro-Optics
Technology. A cuboid is cut from the material of each sam-
ple, as displayed by the samples labeled TGG-1, DGG-1,
GGG-1, and NGG in Fig. 2. The material properties and
dimensions are listed in full detail in Table I. The samples
are cut along the growth direction, i.e., along one of the
three crystallographic directions, since this direction can

TABLE I. Properties, shapes, dimensions, and orientations of the garnet materials studied in this work.
Material Lattice constant Easy axis Density Molar mass  Mass Shape Dimensions Orientation
(A) (g/cm®)  (g/mol) () (mm)

GGG-1 12.382 100 7.08 1012 0.1258  cuboid 1.48 x 1.46 x 8.48 [100] x [010] x [001]
GGG-2 12.382 100 7.08 1012 0.40910  sphere 04.8 —

DGG-1 12.307 111 7.30 1028 0.0305 platelet 2.1 x4.1x0.5 [110] x [110] x [001]
DGG-2 12.307 111 7.30 1028 0.00750  cube 1.0x 1.0 x 1.0 [110] x [011] x [100]
TGG-1 12.355 111 7.13 1017 0.0186 platelet 2 x2.9 x 048  [211] x [110] x [111]
TGG-2 12.355 111 7.13 1017 0.3091 disk  5.58 x 5.58 x 1.77 [110] x [211] x [111]
NGG 12.512 100 7.09 973 0.7218  cuboid 6.2 x9.14 x 2 [100] x [010] x [001]
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TABLE II. Summary of the magnetocaloric properties of the four R3GasOj, compounds observed experimentally. The quantities
listed are the saturation magnetization Mg,, the minimal ADR temperature Ty, the MCE (AS) at the PO (4 K, 3 T), the maximum
MCE in the observed region ASyax, the temperature span Trwim (the temperature interval where the material has its maximum cooling
power), and the maximum observed value of the RCP, Srcpmax- For the different rare-earth atoms, the Lande factor g;, azimuthal
quantum number J, theoretical maximum saturation magnetization g/, and the de Gennes factor £ = (g — 1)2J(J + 1) are given.

Material, Atom g7 J gJJ ré;' Msat Tmin ASIPO at4 K/3 T ASmax STFWHM SRCP,max
() (us/R)  (MK)  (m/em’K)  (mJ/em’ K) X) (mJ/em?)
GGG, Gd** 2 7/2 7 15.75 7.1£0.1 800 122+ 4 250 £8 93+0.1 2320£70
DGG, Dy** 43 152 10 7.08 6.2+£0.1 3732 90 £+ 3 106 + 3 89+02 940+30
TGG, Tb** 3/2 6 9 10.5 475> £0.05  340° 72+2 80£2 10.1+£0.1  810+20
NGG, Nd** 811 972 327 1.84 1.3 4£0.07  640° 21+3 113+4 28+£0.05 31612

2 Antiferromagnetic ordering, information from Ref. [35].
"Maximal magnetic moment under the magnetic fields applied in this study; the literature describes larger values at higher fields

[30,33,44].

°Estimated from the upper boundary of the hysteretic temperature range.

be used in ADR systems without explicitly determining
it and having to make specific cuts of the single crystals.
Additionally, for measurements at 7 < 3 K, a disk TGG-2,
a sphere GGG-2, and a cube DGG-2 are prepared.

B. Experimental apparatus

The magnetization data over a temperature range span-
ning from 0.05 to 300 K is obtained using four different
systems. An Oxford Instruments vibrating sample mag-
netometer (VSM) [45] and a standard Quantum Design
PPMS with a vibrating sample option are used to carry
out measurements from 3 up to 300 K. A 5 T *He/*He
dilution refrigerator from Oxford Instruments, the TL-400,
with a custom-built vibrating coil magnetometer (VCM)
[46,47] is used to record magnetization data in the tem-
perature range between 50 mK and 3 K. Additionally, a
membrane based Faraday magnetometer (FMM) inside a
15-T cryostat with a gradient coil is used together with a
3He insert for measurements between 0.3 and 1.5 K.

The VCM is similar to a VSM, though in a VCM the
detection coils vibrate in order to permit cooling the sam-
ple [48]. Absolute values of the magnetization of a sample
are calculated from the VSM measurements with a cali-
bration factor obtained by measuring a thin sheet of Ni as
reference sample with a known magnetic moment.

The low temperature data recorded with the VCM is
adjusted to fit the VSM data at 3 K. For the VCM measure-
ments, a field-dependent background is subtracted from the
magnetization data. Measurements are carried out in fields
of up to 9 T in the (VSM) helium-flow cryostat and up to
5 T in the (VCM) dilution refrigerator.

The Faraday magnetometer is custom built using a 200-
nm SiNx membrane coated with Ti/Au. The deflection of
the membrane due to the magnetic force acting on the
sample is measured capacitatively. Descriptions of simi-
lar setups may be found in the literature [49,50]. Absolute

values of the magnetization are calibrated first by applying
a voltage between the coated membrane and the counter
electrode. This method is complimented in terms of a com-
parison to the VSM data recorded at high temperatures.
Demagnetization effects due to different sample geome-
tries for different sample shapes are taken into account.
Measurements are performed for fields up to 1 T for a mag-
netic gradient field of 0.943 T/m. Every temperature scan is
repeated with a negative gradient field in order to separate
torque and force components of the signal.

C. Measurement conditions

The samples are installed with the long axis parallel to
the applied field in order to minimize the effects of demag-
netizing fields. Two TGG and GGG samples are used: the
small TGG-1 plate and GGG-1 cuboid for the VSM mea-
surements and the TGG-2 disc and GGG-2 sphere for the
VCM measurements (a larger sample in the VCM gives a
better signal-to-noise ratio). In order to reduce the error in
the VSM measurements due to the larger sample, separate
larger calibration nickel samples are used. With these, sys-
tematic errors could be reduced to below 5%. All samples
are glued to the sample holder with GE varnish for good
thermal contact. The sample cube DGG-2 is prepared for
measurements on the FMM by gluing it on the membrane
with Stycast 2850 FT 24V instead of GE varnish. The
Stycast provided higher mechanical stability preventing
possible small positional changes of the sample, however,
at the expense of reduced thermal coupling. The sample is
oriented the same way as with DGG-1; the [110] axis par-
allel to the applied field. All temperature scans are obtained
using a field-heated—field-cooled protocol (FH-FC), when
the sample is first warmed up in the presence of a constant
applied field and then cooled down again under the same
field.
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D. Entropy and cooling power

The magnetocaloric effect follows from the Maxwell
relation linking the magnetization M of a material with its
entropy S in terms of derivatives with respect to the mag-
netic field B and the temperature 7 [51,52]. AS(T, B) may
then be extracted from the magnetization as a function of
applied magnetic field by virtue of an integration over B at
a given temperature 7 [53]:

B /
AS(T,B) = — f (M) 8. (1)
Mo Jo or Bp

The temperature dependence of OM (T, B') /9T at different
fields is interpolated from zero field to the largest field
measured. The integration of these curves with respect to
the magnetic field permitted determination of the MCE,
AS(T, B).

A metric generally used to characterize refrigeration
materials is the refrigerant capacity (RC) [54], or, as oth-
erwise known, the relative cooling power (RCP). The RCP
is defined as

1 (7
Srcp(B) = %‘/ AS(T,B) dB', 2)

Ti

where T; and Ty are the temperatures of the reservoir at
the beginning and at the end of a cycle, respectively. Since
a paramagnetic material often exhibits a peak in its mag-
netocaloric effect, the area under the curve is frequently
approximated as the product of the peak of the change of
entropy. AS(7T, B), multiplied by the FWHM of the peak of
the MCE:

Srcp = — ASmax TrwaM, (3)

where 6 Trwpw 1S the temperature spanned by the FWHM
of the MCE peak and AS,x the maximum value of the
MCE peak at a given applied magnetic field [26,55,56].

Another key metric for an ADR refrigerant is the min-
imum attainable temperature by demagnetization, Ty,
which is frequently limited by a magnetic or structural
phase transition.

IV. RESULTS AND DISCUSSION

A. Gd3G25012 (GGG)

The RCP of GGG is calculated using typical temper-
ature scans between 0.025 and 300 K for different mag-
netic fields up to 6 T, as shown in Fig. 3. GGG shows
a nonhysteretic increase in magnetization with decreas-
ing temperatures featuring a Curie-Weiss dependence as
expected of a paramagnetic material. From these data, the
magnetocaloric effect is extracted and shown in Fig. 4. The
data below 3 K is obtained from measurements with the
spherical sample shown in Fig. 2.

||||| T T ||||||| T T ||||||| T T T B(T)
7 — GGG | Tow  Thig
-21 =60
6l B || <100> | T4 255
12 - 20
5 - 1.0 1.2
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S - 0.01
2 = -
s _
\ ...............
0_||||I [ ||||||I““|.“| Ll L1 |_
10" 10° 10"
T (K)
FIG. 3. Magnetization of Gd;GasO, as a function of temper-

ature. Data is recorded in the temperature range from 60 mK to
30 K for fields of 10 mT to 6 T. For the T}y regime, 60 mK
to 1 K, the GGG-2 spherical sample is used. For the Tj;gh regime
between 1.3 to 30 K, the GGG-1 cuboid is used. The dashed lines
represent extrapolations.

At low temperatures (7 < 0.5 K) and magnetic fields
(B > 2 T), GGG reaches its saturation magnetization of
Mg = 7.1 ug/R [57]. GGG shows a large MCE value
of over 250 mJ K~! ecm™ at 6 T down to less than 2
K and a MCE value of 122 mJ K=! cm™* at the IPO
of 4 K and 3 T. This large MCE value together with a
large Sgcp = 2320mJ/cm® means that GGG is a bench-
mark for MCE materials used in ADR cryostat stages at
temperatures below 20 K [58-63].

T (K)
— 06 6.0
(a) 40 —— 100 (b)
6 T T T 250
51 1F —~
200 7
st 1t 5
—~ 150 7
= S v
m -
./ 100 E
2F T ﬁ@——‘ “
L \ L 50 |
AN \
0 1 1 1 1 1 1 1 0
240 175 123 50 00 2 4 6 8 10
—AS (mJ K~1 cm™3) T(K)

FIG. 4. Figure of merit for the magnetocaloric effect in
Gd3;GasOy;. Panel (a) shows the field dependence for each tem-
perature measured. The value of the MCE at the interesting point
of operation (IPO) at T=4 K and B =3 T is marked with a
green arrow. Panel (b) shows a contour plot of the MCE as a
function of temperature and magnetic field, where a white circle
marks the IPO. At approximately 300 mK and 1 T, GGG enters
its antiferromagnetic phase. This plot for GGG as well as the
plots for DGG, NGG, and TGG shown in Figs. 6, 8, and 10,
respectively, correspond in style to Ref. [27].
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FIG. 5. Magnetization of Dy;GasO; as a function of temper-
ature. Data is recorded in the temperature range from 0.33 to 30
K for fields of 100 mT to 7 T.

However, one issue with GGG that is not fully visible in
the MCE plot is the sharp MCE decrease between 1 and 0.8
K. Here GGG enters a phase with short-range correlations
despite still being paramagnetic. This may be seen in the
broad peak in the heat capacity, which causes GGG to lose
a large portion of its cooling power when approaching this
temperature range, as reported previously [64—66].

We now compare the other commercially available rare-
earth garnets with GGG regarding their suitability as ADR
refrigerants, searching specifically for materials that have
good MCE properties below 0.8 K while not being pro-
hibitively expensive. Some Gd containing MCE materials
are previously reported to have better performances at
around 2 K [67-70].

B(T)

2 -
1 - -
—ASip
! A 4

1
110 90 50
—AS (MJ K~ cm~3)

FIG. 6. Figure of merit for the magnetocaloric effect in
Dy;GasOy;. This material is saturated around 2 T at 2 K, where
it reaches its maximum MCE value of AS = 106 mJ K~! ¢cm™3
(Table IT) with higher fields showing no effect on the entropy. The
MCE value of 90 mJ K~! ¢cm™ at 3 T and 4 K (IPO) is indicated
in both panels.
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FIG. 7. Overview of temperature scans for NGG obtained in
the VSM and VCM. The magnetization per neodymium ion is
plotted against temperature. The magnetic field is applied along
the [100] direction. The arrows indicate the sweep direction in
the hysteresis loops under 0.6 K.

B. Dy3G3501 2 (DGG)

Dysprosium gallium garnet, DGG, is known to be a
promising replacement for GGG in ADR systems [40]
because it provides exceptional cooling power at lower
fields and temperatures (<0.5 K) [35]. However, grow-
ing large single crystals is difficult, limiting its commercial
production as a result. DGG has a large value of g; = 4/3,
which is a significant fraction of the value for GGG g; = 2
[3], thus corresponding to large values of AS(7, B).

Experiments show that DGG yields slightly better MCE
values in the temperature range of 1.8 to 15 K when
compared to GGG, without a large peak in the heat capac-
ity reducing its cooling capacity [39,40], while Mg =
6.2 up/RE ion is reduced in comparison to GGG (Mg, =
7.1 ug/RE ion) as shown in Table II.

T(K)
— 06 4.0

(O Al )

0

[N
o
o
)

~
o

13
o
S \ i L
@,l | 50 2
3
L AL 4 25
! ~ASpo |\ |
0 1 1 1 1 1 1 0
100 50 21 00 2 4 6 8 10
—AS (mJ K~ em™3) T (K)
FIG. 8. Figure of merit for the MCE in Nd3;Gas;Oj,. A peak

in the MCE is reached at 1 K, where it reaches the maximum
value of AS = 113 mJ K~! cm™3, as given in Table II. The TPO
is marked in both figures.
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FIG. 9. Overview of the temperature scans for TGG obtained

in the VSM and VCM. The magnetization per terbium ion is plot-
ted against temperature. Data is recorded from 300 K to 60 mK
under applied magnetic fields between 50 mT and 6 T. Only data
recorded under FH-FC are shown. The magnetic field is applied
along the [110] direction.

With a ASpax of 106 mJ K~!' cm™3, DGG is located
between the values of ASy,.x observed for NGG and GGG.
Our results show that DGG is able to reach most of this
high value of ASy.x even at the IPO of 4 K/3 T. The mag-
netization of DGG between 30 K down to 0.33 K is shown
in Fig. 5. DGG reaches its maximum saturation magnetiza-
tion at around 3 K and 7 T. These data are used to calculate
the MCE shown in Fig. 6. The magnetocaloric effect is sat-
urated at 2 K and 2 T. DGG is known from previous work
to have an antiferromagnetic phase transition at 373 mK
for zero field [35]. In our measurements with a minimum
field of 0.1 T, no transition is found. Possible reasons for
this include a shift of the transition to lower temperatures
under applied fields, or that the sample itself is slightly
warmer than the sample thermometer. For the purpose of
this study, the highest transition temperature of 0.37 K at
zero field is assumed as the lowest possible temperature
for adiabatic demagnetization. With this assumption, DGG
reaches a large RCP of approximately Sgcp = 94 mJ/cm?.

C. Nd3G35012 (NGG)

Figure 7 shows the magnetization as a function of tem-
perature recorded for NGG across the full temperature
range from 300 K down to 0.06 K. As before, these data
are used to calculate the magnetocaloric effect. From room
temperature down to around 1 K, the experimental data
exhibit a smooth nonhysteretic increase of the magne-
tization as expected for a paramagnet. Below 1 K, the
qualitative behavior is changed. Notably, hysteresis may
be observed around 4 K, suggestive of a transition to an
antiferromagnetic phase.
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FIG. 10. Figure of merit for the magnetocaloric effect in
Tb3GasO;. A peak in the MCE is reached at approximately
3 K and 4 T, with an overall maximum value of AS = 80 mJ
K~! em™3. Thus, at the IPO AS nearly reaches its maximum
value.

The results of the evaluation of the MCE for NGG is
shown in Fig. 8. In the parameter range studied, NGG
reaches a maximum magnetocaloric effect ASyax of 113
mIK'em3 at B=5Tand T=1 K. At lower 7, the
MCE decreases with decreasing temperature. The MCE
values drop off very rapidly as the temperature increases
above 1 K. At the IPO, the change in entropy amounts to 21
mJ K~! ecm™3, far below the value of DGG and only a frac-
tion of the maximum value of the MCE. The RCP attains
only a value of 319 mJ/cm?. Large entropy changes in this
material can only be achieved at temperatures below 3 K.
Together with the transition occurring at 0.6 K, this greatly
limits the usable parameter range for NGG.

D. Tb3G35012 (TGG)

The magnetization recorded in TGG is shown in Fig. 9.
All the lines of this plot are obtained by a FH-FC proto-
col. The magnetization reaches a maximum of4.75 ug/Tb.
Below a temperature of 1 K, the magnetization is saturated.
Other measurements showed changes in the magnetization
below 0.33 K, which may be interpreted in terms of phase
transitions. This coincides with a previously reported tran-
sition temperature of approximately 0.25 K in the specific
heat at zero field [28].

In stark contrast to NGG, the MCE in TGG shown in
Fig. 10, is already significantly higher at 10 K and an
applied field of 4 T. The field dependence of the MCE
shows that at 4 K the entropy does not change significantly
in fields B > 4 T, where AS = 80 mJ K~!' cm 3. For start-
ing conditions of 3 T/4 K, representing the IPO, TGG may
provide a change in entropy of 72 mJ K~! cm™3, almost
corresponding to its maximum value. Unfortunately, the
MCE starts to decrease already at 3 K, saturating (above
B=1T)to30mJ] K~' cm™ at 1 K. For higher temper-
atures, the decline is slow in comparison to NGG, and a
higher RCP of Sgcp = 751 mJ/cm? is attained.
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V. CONCLUSIONS

Rare-earth garnets intrinsically satisfy many of the crite-
ria expected of refrigerants for sub-liquid-helium tempera-
ture ADR applications, namely a large entropy density that
can be easily reduced through the MCE at magnetic fields
less than 3 T, lack of ordering processes, vanishingly small
magnetic and thermal hysteresis, high chemical stability,
non-corrosiveness, high electrical resistivity, and ease of
material and device fabrication in a scalable manner. For
the four members of the R3;GasO, family that appear most
promising, we reported data needed to critically evaluate
their suitability as ADR refrigerants.

Amongst the common MCE materials useful within the
temperature range 0.3 to 4.2 K, GGG has the highest
entropy density with § = 362 mJ K~! cm™3, reflecting an
excellent MCE cooling capacity. In addition, it has the
combined advantages of being easy-to-handle and read-
ily available commercially. However, GGG requires large
fields at 4 K (>4 T) to access a significant portion of its
entropy. It is also limited by the fact that its cooling power
drops strongly below T, = 0.8 K. At the IPO, GGG can
only access 50% of its maximal entropy change (see Table
1.

DGG has a significantly lower entropy density than
GGG, but a large RCP of Sgcp ~ 940 mJ/ cm?®. At 4 K its
MCE value is already saturated under an applied field of
4 T. At the IPO, the entropy change reaches ASppo = 90
mJ K=! cm™>, representing almost its maximum value
of ASmax = 106 mJ K~! cm™3. Moreover, the minimum
temperature attainable by demagnetization with DGG is
0.373 K, matching the desired range of operation for the
applications considered here.

While single crystals of NGG exhibit significant values
of the MCE for small fields at temperatures well below
4 K, outside of this range its MCE values are compara-
tively small. NGG reaches only ASjpo = 21 mJK~! cm ™3,
less than 20% of its maximum value ASp.x = 113 mlJ
K~! em™3. Considering also the ordering temperature of
about 0.6 K, the useful temperature range of NGG is rather
limited for the ADR applications under discussion here.

The analysis of our measurements of single-crystal TGG
showed a significant entropy change of ASpo = 72 mlJ
K~! cm~3. However, similar to GGG, it loses a substantial
amount of entropy and hence cooling capacity for temper-
atures below 1 K, saturating at a maximum value of AS =
30 mJ K~! em™ for B = 1 T, when higher fields exhibit
no substantial effect on the entropy unless the temperature
is increased. Thus, neither NGG or TGG are particularly
well suited for typical ADR systems [4], where the first
stage of refrigeration is based on a starting temperature of
about 4 K.

In summary, compared to GGG, DGG shows the high-
est promise for increasing the efficiency of current low
temperature ADR systems by virtue of both its minimal

accessible temperature of 0.373 K and its substantial MCE
value, which is accessible with lower applied magnetic
fields and over a wider temperature range than in the case
of GGG. The only remaining hurdle for utilizing DGG in
such a context is finding more efficient ways to produce it
in the quantities required as well as sufficient quality.
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