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A detailed study of the magnetic and magnetocaloric properties of the garnet compound Mn3Cr2Ge3O12

is carried out using x-ray diffraction, magnetization, heat capacity, and neutron diffraction measurements as
well as ab initio band-structure calculations. This compound manifests two successive magnetic transitions at
TN1 � 4.5 K and TN2 � 2.7 K. Neutron powder diffraction experiments reveal that these two transitions corre-
spond to the collinear and noncollinear antiferromagnetic ordering of the nonfrustrated Cr3+ and frustrated Mn2+

sublattices, respectively. The interactions within each of the Cr and Mn sublattices are antiferromagnetic, while
the intersublattice interactions are ferromagnetic. The H-T phase diagram is quite complex and displays multiple
phases under magnetic field, which can be attributed to the frustrated nature of the spin lattice. Mn3Cr2Ge3O12

shows a large magnetocaloric effect with a maximum value of isothermal entropy change �Sm � −23 J/kg K
and adiabatic temperature change �Tad � 9 K for a field change of 7 T. Further, a large value of the relative
cooling power (RCP � 360 J/kg) demonstrates the promise of using this compound in magnetic refrigeration.

DOI: 10.1103/PhysRevB.109.134401

I. INTRODUCTION

Frustrated magnets are widely studied because of their po-
tential to host a variety of exotic ground states [1,2]. In partic-
ular, the geometrically frustrated magnets in three dimensions
(3D) that include pyrochlore and hyperkagome lattices made
up of corner-sharing tetrahedra and corner-sharing triangles,
respectively, have very intricate ground states [3,4]. Garnet is
a family of compounds with the general formula A3B2C3O12

which can accommodate a large variety of chemical con-
stituents. Here, A, B, and C occupy the dodecahedral, octa-
hedral, and tetrahedral crystallographic sites, respectively [5].
The garnet family provides a convenient platform to observe a
wide variety of nontrivial properties by introducing different
(3d and 4 f ) magnetic ions at different crystallographic sites.
The magnetic ions present only at the A sites form a geomet-
rically frustrated hyperkagome lattice, giving rise to complex
magnetic structures in Co3Al2Si3O12 [6] or a magnetoelectric
effect in Mn3Al2Ge3O12 [7]. Similarly, 4 f ions occupying
the A sites show very peculiar low-temperature features. For
example, the celebrated garnet compound Gd3Ga5O12 mani-
fests a spin liquid with a hidden long-range order (LRO) [8],
Tb3Ga5O12 exhibits a field-induced LRO [9,10], Ho3Ga5O12

shows a disordered ground state, etc. [11].
Another class of garnets can be obtained by introducing

either the same or different magnetic ions at both B and C
sites. One such family is R3Fe5O12 (where R is a rare-earth
ion) that received wide attention because of the ferrimagnetic
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ground state [12] as in Y3Fe5O12 that additionally displays
magnetoelectric effect and thermal spin dynamics [13,14]. In
these garnet compounds, each of the B and C sublattices is
ferromagnetic (FM), whereas antiferromagnetic (AFM) inter-
actions between the sublattices give rise to the ferrimagnetic
order. An opposite situation can be envisaged in garnets with
dissimilar magnetic ions occupying two sublattices where a
different coupling regime with the increased frustration could
be realized, especially if intrasublattice interactions are AFM
in nature. In this category, only a few compounds are reported
with very preliminary magnetic measurements. For instance,
Mn3Fe2Ge3O12 undergoes an AFM ordering at around 6 K
[15], whereas Mn3Cr2Ge3O12 shows two subsequent AFM
orderings at low temperatures [16,17].

Owing to their large magnetocaloric effect (MCE), frus-
trated magnets are considered as promising materials for
magnetic refrigeration [18], which uses the adiabatic demag-
netization technique to achieve low temperatures. It is an
environment-friendly replacement for the gas compression
technique implemented in standard refrigerators for room-
temperature applications and a cost-effective replacement to
achieve sub-Kelvin temperatures over expensive 3He and 4He.
To attain low temperatures using MCE, magnets with low
transition temperatures and large entropy changes are desir-
able. Magnetic frustration can impede the magnetic ordering
and enhance MCE, for example in the garnet family [19].
Indeed, Gd3Ga5O12 or gadolinium gallium garnet (GGG)
exhibits a giant MCE with the isothermal entropy change
of ∼450 J/kg K and base temperatures as low as 800 mK
[20]. Therefore, GGG is commercially used in magnetic re-
frigerators. Similarly, a few other compounds of the garnet
family are reported to show large cooling power for use
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FIG. 1. (a) Three-dimensional view of the crystal structure of MCGO. (b) Arrangement of spins in the Cr3+ sublattice. (c) Hyperkagome
structure formed by the Mn2+ ions. (d) Coupling between Mn2+ and Cr3+ ions that yields pyrochlore-like structure.

in the milli-Kelvin range [20]. Garnets have also proved to
be very useful in technological applications. For instance,
neodymium-doped garnets are good laser materials, ferrimag-
netic garnets have applications in electronic devices, etc. [21].

In the present work, we revisited the magnetic properties
of the garnet compound Mn3Cr2Ge3O12 (MCGO) in detail by
means of magnetic, thermodynamic, neutron diffraction, and
magnetocaloric measurements. MCGO is reported to crys-
tallize in a cubic structure with the space group Ia3̄d (No.
230) at room temperature [22]. Here, the Mn2+ ion is situated
in a dodecahedral site coordinated with eight oxygen atoms,
Cr3+ is forming octahedra with six oxygen atoms, and Ge4+ is
forming slightly distorted tetrahedra with four oxygen atoms
as shown in Fig. 1(a). The CrO6 octahedra are corner-shared
with the GeO4 tetrahedra making a 3D structure with the
shortest Cr-Cr distance of ∼5.196 Å. Similarly, the MnO8

units are directly edge-shared to make a frustrated hyperk-
agome lattice with the shortest Mn-Mn distance of ∼3.674 Å,
though additional interactions via GeO4 may also be possible.
The Mn2+ and Cr3+ sublattices are further coupled with each
other as shown in Fig. 1(d), resulting in a pyrochlore-like
structure with the shortest Mn2+-Cr3+ distance of ∼3.354 Å.
Our measurements reveal double magnetic transition in zero
field and a complex low-temperature phase diagram in the
applied field. Zero-field magnetic structures are determined
via powder neutron diffraction experiments. Moreover, a large
MCE is obtained across the transitions.

II. METHODS

Polycrystalline sample of MCGO was prepared using the
conventional solid-state reaction technique by heating sto-
ichiometric mixtures of Mn3O4 (Aldrich, 99.99%), Cr2O3

(Aldrich, 99.99%), and GeO2 (Aldrich, 99.99%). These
reagents were finely ground, pressed into pellets, and fired
at 800–1200 ◦C with multiple intermediate regrindings. Fi-
nally, a green-colored polycrystalline sample of MCGO was
obtained. The phase purity of the product was confirmed by
powder x-ray diffraction (XRD) recorded at room temperature
using a PANalytical x-ray diffractometer (CuKα radiation,
λavg � 1.5418 Å). Figure 2 presents the powder XRD pat-
tern of MCGO along with the Rietveld fit. With the help
of Rietveld refinement, all the diffraction peaks of MCGO
could be indexed with the cubic unit cell [Ia3̄d (No. 230)],

taking the initial structural parameters from Ref. [22]. The
absence of any unidentified peak suggests the phase purity of
the polycrystalline sample. The obtained lattice parameters at
room temperature are a = b = c � 12.029(5) Å and unit-cell
volume Vcell � 1740.60(1) Å3, which are in close agreement
with the previous report [22].

Magnetization (M) measurements were performed as a
function of temperature (0.4 K � T � 380 K) and magnetic
field (0 � μ0H � 7 T) using a superconducting quantum
interference device (SQUID) (MPMS-3, Quantum Design)
magnetometer. Measurements below 1.8 K and down to 0.4 K
were carried out using a 3He attachment to the MPMS. Heat
capacity (Cp) as a function of T (0.4 K � T � 250 K) and H
(0 � μ0H � 9 T) was measured on a small piece of sintered
pellet using the relaxation technique in the physical property
measurement system (PPMS, Quantum Design). Measure-
ments below 1.8 K were carried out using an additional 3He
insert in the PPMS.

To solve the magnetic structure, temperature-dependent
(2.5 K � T � 300 K) neutron powder diffraction (NPD)

FIG. 2. Powder XRD data collected at room temperature. The
red solid line is the Rietveld fit to the data, the vertical bars are the
Bragg-peak positions, and the blue line at the bottom is the difference
between the experimentally observed and calculated intensities.
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FIG. 3. (a) χ vs T in different fields. Inset: 1/χ vs T for μ0H = 0.5 T with the Curie-Weiss fit. (b) χT vs T in different fields. (c) Magnetic
isotherm (M vs H ) and its derivative in the inset at T = 0.4 K. (d) Derivative of isothermal magnetization vs H in different temperatures
showing the field-induced transitions marked by HC1, HC2, and HC3.

experiments were carried out using the powder diffractome-
ter at the Dhruva reactor, Bhaba Atomic Research Center
(BARC), Mumbai, India. Measurements were carried out
using the powder diffractometer PD-I (λ � 1.094 Å) with
three linear position-sensitive detectors. The one-dimensional
neutron-depolarization measurements were performed using
the polarized neutron spectrometer (PNS) at the Dhruva re-
actor with a constant wavelength of λ � 1.205 Å. For these
measurements, a Cu2MnAl Heusler single crystal [(111) re-
flection] was used to produce the incident polarized neutron
beams (along the z direction) and a Co0.92Fe0.8 [(200) reflec-
tion] single crystal was used to analyze the polarization of the
transmitted (scattered) beam. A π -flipper placed just before
the sample allowed the polarization state of the neutron beam
on the powder sample to be controlled between spin-up and
spin-down states. The sample was placed in an Al sample
holder. The flipping ratio of the beam was determined by mea-
suring the intensities of neutrons in non-spin-flip and spin-flip
channels with the π -flipper on and off, respectively. Rietveld
refinement of the powder XRD and NPD data was performed
using the FullProf software package [23].

Magnetic couplings of MCGO were determined by
density-functional (DFT) band-structure calculations using
the mapping procedure [24]. The calculations were performed
in the VASP code [25,26] with the Perdew-Burke-Ernzerhof
exchange-correlation potential [27] and up to 64 k-points in

the first Brillouin zone. Correlation effects in the 3d shell
were taken into account on the mean-field DFT + U level
with the on-site Coulomb repulsion UMn = 5 eV [28] and
UCr = 3 eV [29], as well as Hund’s coupling JH = 1 eV for
both transition-metal atoms. The exchange coupling Ji values
are calculated per bond and normalized to S = 3

2 for Cr3+ and
S = 5

2 for Mn2+.

III. RESULTS AND DISCUSSION

A. Magnetization

Magnetization data for MCGO are presented in Fig. 3.
Temperature-dependent magnetic susceptibility χ [≡ M/H]
measured in different applied fields is shown in Fig. 3(a). It
displays two clear anomalies at TN1 � 4.7 K and TN2 � 2.8 K
in μ0H = 0.01 T, reflecting two successive magnetic tran-
sitions [30]. With increasing field, both the anomalies are
suppressed toward low temperatures, as expected for an AFM
ordering. The inverse susceptibility (1/χ ) as a function of
temperature [inset of Fig. 3(a)] exhibits linear behavior in the
high-temperature paramagnetic (PM) regime. For a tentative
estimation of magnetic parameters, we fitted the data above
80 K by the modified Curie-Weiss (CW) law

χ (T ) = χ0 + C

(T − θCW)
. (1)
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FIG. 4. (a) Cp vs T in zero field. The red solid line represents the phonon contribution (Cph), while the blue dashed line indicates the
magnetic contribution (Cmag). (b) Cmag/T and Smag vs T in the left and right y axes, respectively. (c) Cp vs T in the low-T regime measured in
different fields.

Here, χ0 is the temperature-independent susceptibility, C is
the CW constant, and θCW is the characteristic CW tem-
perature. The fit yields χ0 � −1.79 × 10−5 cm3/mol, C �
16.31 cm3 K/mol, and θCW � −1 K. From the value of C
the effective moment is calculated to be μeff � 11.42 μB.
Theoretically, μeff for a compound containing two magnetic
ions can be calculated as μ2

eff = n1μ
2
1 + n2μ

2
2, where n1 and

n2 are the number of magnetic ions present in the compound
and μ1 and μ2 are their respective spin-only effective mo-
ments [31,32]. In the formula unit, MCGO contains n1 = 3
magnetic Mn2+ ions with spin S1 = 5/2 and n2 = 2 magnetic
Cr3+ ions with spin S2 = 3/2. The obtained μeff � 11.42 μB

from the CW fit is found to be close to the calculated value
of μeff = 11.61 μB, considering all these magnetic ions. The
small and negative value of θCW reflects the coexistence of FM
and AFM interactions with the dominant one being AFM.

Figure 3(b) presents the χT vs T plot for different applied
fields. As one goes down in temperature, χT increases con-
tinuously, passes through a maximum around 10 K, and then
falls rapidly toward zero. The initial rise and gradual fall are
clear signatures of FM and AFM correlations at high and low
T s, respectively [33]. Thus, the coexistence of FM and AFM
interactions is inferred from the small negative value of θCW

as well as from the χT behavior.
A magnetic isotherm (M vs H) measured at T = 0.4 K is

shown in Fig. 3(c). M increases with H , shows weak slope
changes at several intermediate fields, followed by a clear kink
around ∼2.5 T. At higher fields (above 2.5 T), M increases
linearly but with a much lower slope compared to the initial
low-field part. By extrapolating the linear higher-field part to
zero field, we determined that the magnetization of 15 μB/f.u.

is reached at 2.5 T which is well below the maximum value
of saturation magnetization of the entire spin system, MS =
g(n1S1 + n2S2)μB = 21 μB, taking g = 2, n1 = 3, S1 = 5/2,
n2 = 2, and S2 = 3/2. Even at μ0H = 7 T, the value of
M � 20.2 μB/f.u. is still below the expected saturated
magnetization.

The derivative of magnetization with respect to field
(dM/dH) vs H presented in Fig. 3(d) for different temper-
atures clearly visualizes the slope changes at the critical fields
HC1, HC2, and HC3. dM/dH at T = 0.4 K is shown separately
in the inset of Fig. 3(c) for a better visualization of these
three critical fields. These field-induced features are more pro-
nounced at low temperatures, shift with temperature, and then

disappear at high temperatures. The appearance of multiple
field-induced transitions indicates strong magnetic frustration
in the compound [34].

B. Heat capacity

Temperature-dependent heat capacity (Cp) measured in
zero field is shown in Fig. 4(a). In a magnetic insulator, the to-
tal heat capacity Cp(T ) is the sum of two major contributions:
the phonon contribution Cph(T ), which dominates in the high-
temperature region, and the magnetic contribution Cmag(T )
that dominates in the low-temperature region depending on
the strength of the exchange interactions. In order to extract
Cmag(T ) from Cp(T ), first Cph(T ) was estimated by fitting
the high-T Cp data with a linear combination of one Debye
[CD(T )] and three Einstein [CE(T )] terms (Debye-Einstein
model) as [35–37]

Cph(T ) = fDCD(θD, T ) +
3∑

i=1

giCEi (θEi , T ). (2)

The first term in Eq. (2) takes into account the acoustic modes,
called the Debye term with the coefficient fD and

CD(θD, T ) = 9nR

(
T

θD

)3 ∫ θD
T

0

x4ex

(ex − 1)2
dx. (3)

Here, x = h̄ω
kBT , ω is the frequency of oscillation, R is the

universal gas constant, and θD is the characteristic Debye tem-
perature. The second term in Eq. (2) accounts for the optical
modes of the phonon vibration, known as the Einstein term
with the coefficient gi and

CE(θE, T ) = 3nR

(
θE

T

)2 e( θE
T )

[
e( θE

T ) − 1
]2 . (4)

Here, θE is the characteristic Einstein temperature. The coef-
ficients fD, g1, g2, and g3 represent the fraction of atoms that
contribute to their respective parts. These values are taken in
such a way that their sum should be equal to 1. The zero-
field Cp(T ) data above ∼20 K are fitted by Eq. (2) [red solid
line in Fig. 4(a)] and the obtained parameters are fD � 0.06,
g1 � 0.18, g2 � 0.37, g3 � 0.39, θD � 115 K, θE1 � 170 K,
θE2 � 360 K, and θE3 � 700 K. Finally, the high-T fit was
extrapolated down to low temperatures and Cmag(T ) [blue
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FIG. 5. 3D representation of the NPD data collected around the
transitions. Only the growth of magnetic reflections is pinpointed.

dashed line in Fig. 4(a)] was estimated by subtracting Cph(T )
from Cp(T ). Figure 4(b) presents Cmag(T )/T and the cor-

responding magnetic entropy [Smag(T ) = ∫ T
0.4 K

Cmag(T ′ )
T ′ dT ′].

The obtained magnetic entropy, which saturates above 20 K,
approaches a value Smag � 67.15 J/mol K. This value is close
to the expected theoretical values of Smag = n1 × R ln(2S1 +
1) + n2 × R ln(2S2 + 1) = 67.74 J/mol K.

At low temperatures, zero-field Cp(T ) shows two well-
defined anomalies at TN1 � 4.5 K and TN2 � 2.7 K, con-
firming two successive magnetic transitions. To gain more
information about the magnetic transitions, we measured
Cp(T ) in different applied fields [see Fig. 4(c)]. With increas-
ing field, the height of the peaks is reduced substantially and
the peak position shifts toward low temperatures, as typical
of AFM transitions. For μ0H > 1.5 T, TN1 disappears com-
pletely from the measurement window while TN2 is shifted to
1.34 K for H = 9 T. Concurrently, another broader maximum
emerges above ∼1.5 T and is driven higher in temperatures
with increasing field. This is likely due to the shift of the
entropy, which was released at the magnetic transition in low
fields, toward higher temperatures as the field is increased.

C. Neutron diffraction

In order to resolve the magnetic structure, neutron pow-
der diffraction (NPD) data were collected at temperatures
between 2.5 K and 50 K. Figure 5 presents the 3D view of
the temperature evolution of the low-angle peaks. At high
temperatures, all the peaks are found to be arising from the
nuclear reflections. At low temperatures (T < TN1), several
extra peaks with low intensities appear, indicating the for-
mation of magnetic LRO. For T < TN1, two magnetic Bragg
peaks are detected at 2θ ∼ 17.98◦ and ∼10.37◦, while for
T < TN2 two more peaks are observed at ∼16.48◦ and ∼7.32◦
and the intensity of the nuclear peak at ∼12.78◦ is found to
be enhanced. Due to the low intensity, some of the magnetic

FIG. 6. The NPD data presented at three different temperatures:
(a) well above the magnetic transitions (10 K) with only nuclear
peaks, (b) below TN1 with two additional magnetic peaks, and (c) be-
low both TN1 and TN2, clearly showing five magnetic peaks. Rietveld
fits are shown as solid black lines. Vertical bars are the allowed
nuclear (top row) and magnetic (bottom row) Bragg peaks. Only the
magnetic peaks in the data are indexed. Inset of (a): The difference in
data between 2.5 K and 10 K highlighting only the magnetic peaks,
and the solid line is the Rietveld fit to the data. Inset of (b): Ordered
moments of Cr3+ and Mn2+ vs temperature.

peaks are not clearly visible in the 3D plot. The individual
plots in Fig. 6 highlight these peaks. The appearance of the
distinct magnetic Bragg peaks below each of the TN1 and TN2

confirms that MCGO undergoes two AFM transitions.
Rietveld refinement is performed at three different temper-

atures, well above the magnetic transitions (10 K), below TN1

(4.5 K), and below TN2 (2.5 K) (see Fig. 6). All the peaks in the
NPD data at 10 K are nuclear in origin and well fitted by the
cubic crystal structure with the Ia3̄d space group [Fig. 6(a)].

As shown in Fig. 6(b), the data collected at 4.5 K (i.e.,
below TN1) show two new peaks. Both the magnetic peaks
could be indexed using the propagation vector k = (0, 0, 0)
and space group I − 1. The symmetry analysis shows that
these magnetic reflections can be modeled by taking the
collinear AFM order within the Cr3+ sublattice where indi-
vidual moments are aligned along the [1, 0, 0] direction. The
magnetic peaks are identified to be (200) and (130). The
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refined magnetic structure of the Cr3+ sublattice is depicted
in Fig. 1(b) in which the Cr3+ moments are aligned parallel
to each other (FM) in the ac plane and antiparallel (AFM)
along the b direction. This confirms that below TN1, the Cr3+

sublattice is ordered in a collinear AFM fashion. Further, all
the magnetic peaks in the NPD data at 2.5 K [Fig. 6(c)] could
be indexed by the same propagation vector and space group by
introducing the magnetic moment of the Mn2+ sublattice. The
magnetic peaks could be indexed as (110) and (013), while
the nuclear peak with the enhanced intensity is identified as
(211). Therefore, we conclude that TN2 is due to the ordering
of the Mn2+ sublattice. The ordering of the Mn2+ sublattice is
noncollinear AFM type as shown in Fig. 1(c). The magnetic
structure of the Mn2+ sublattice is in close agreement with
the previous report [38,39]. Moreover, we also performed
Rietveld refinement of only the magnetic reflections obtained
by taking a difference of the 2.5 K and 10 K data as shown in
the inset of Fig. 6(a). The magnetic moment values obtained
from the refinement are consistent with the values obtained
from the full dataset refinement, confirming good quality of
the fit.

The ordered moments for both the magnetic ions are plot-
ted as a function of temperature in the inset of Fig. 6(b).
At T = 2.5 K, the refined value of the ordered moment of
Cr3+ is μ � 2.2 μB and that of Mn2+ is μ � 2.2 μB. These
values are considerably reduced compared to the expected
spin-only values of ∼3 μB for Cr3+ and ∼5 μB for Mn2+,
respectively. The reduction in the magnetic moment from its
classical value is commonly observed in frustrated magnets
[40,41], although in the present case thermal fluctuations may
also play a role because the measurement temperature of 2.5 K
is close to TN2 � 2.7 K and more than half of TN1 � 4.5 K.
To investigate a possible presence of FM correlations, we
have performed one-dimensional (1D) neutron-depolarization
measurements during which the polarization analysis of both
the incident and diffracted neutron beams was performed.
In these experiments, the rotation of the neutron polariza-
tion vector after transmission through the sample provides
direct information about the presence and characteristics of
FM correlations within the material, over a length scale of
100–1000 Å. The inset of Fig. 7 depicts temperature variation
of the flipping ratio (R) down to 1.7 K, where no depolariza-
tion of the neutron beam is observed, indicating the absence
of FM or ferrimagnetic domains/clusters of the mentioned
length scale under an applied field of 50 Oe. However, clusters
of smaller length scales cannot be completely ruled out even
though our diffraction data at low angles do not show any
broad features of diffuse scattering that could be indicative
of a short-range magnetic order.

For a better understanding of the complex magnetic struc-
ture, we used the polarized neutron spectrometer to measure
temperature variation in the peak intensity of the magnetic
reflections (200) and (211) in both the non-spin-flip and spin-
flip channels. In this spectrometer, the neutron polarization
direction is perpendicular to the scattering vector (P ⊥ Q
geometry). As we have mentioned earlier, the Bragg reflec-
tion (200) is purely magnetic and represents the ordering of
the Cr3+ sublattice whereas the enhanced intensity of the
(211) nuclear peak represents the magnetic contribution from
the Mn2+ sublattice. The magnetic contribution of the (211)

FIG. 7. Temperature dependence of the magnetic reflections
(200) and (211) in the non-spin-flip and spin-flip channels, cor-
responding to the Cr3+ and Mn2+ sublattices. Inset: Temperature
variation of the flipping ratio (R) down to 1.7 K.

peak was confirmed by measuring the neutron intensity in the
spin-flip channel. As presented in Fig. 7, the neutron counts
corresponding to (200) and (211) increase abruptly below TN1

and TN2, respectively, thus further supporting the independent
ordering of the Cr3+ and Mn2+ sublattices in zero field.

DFT calculations reveal AFM nearest-neighbor exchange
couplings within both Cr3+ and Mn2+ sublattices. We ob-
tain JMn−Mn = 3.0 K as well as JCr−Cr = 1.9 K and J ′

Cr−Cr =
2.8 K, where the former and latter values stand for the Cr-Cr
contacts with and without the GeO4 bridge, respectively. The
nearest-neighbor interaction between the sublattices is FM
in nature, JMn−Cr = −2.8 K. The interactions beyond nearest
neighbors do not exceed 0.5 K and can be neglected within
the minimum microscopic model.

The magnetic ground state of MCGO can be inferred from
the AFM intrasublattice interactions. Indeed, the nearest-
neighbor couplings JCr−Cr and J ′

Cr−Cr form a nonfrustrated
8-coordinated (bcc-like) Cr3+ sublattice that develops the
collinear AFM order [Fig. 1(b)]. By contrast, the Mn2+

sublattice comprises triangles and adopts a noncoplanar con-
figuration with the 120◦-like arrangement of spins on each
of the triangles [Fig. 1(c)]. This state belongs to the mani-
fold of the classically degenerate states of the hyperkagome
lattice [42]. It is remarkable that the Mn2+ sublattice orders
at a lower temperature compared to its Cr3+ counterpart,
despite the larger spin of Mn and the stronger magnetic cou-
plings, JMn−Mn > JCr−Cr. The lower ordering temperature of
the Mn2+ sublattice can be traced back to its frustrated nature
and to the lower coordination number (4 for Mn vs 8 for Cr).

Whereas Cr-Cr interactions are long-range in nature, the
Mn-Mn and Mn-Cr interactions involve superexchange via
one oxygen atom and can be analyzed in terms of the
Goodenough-Kanamori-Anderson rules [43]. The bond an-
gles are quite similar, 102.4◦ for JMn−Mn > 0 vs 99.0◦ and
103.5◦ for JMn−Cr < 0. The different signs of these couplings
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FIG. 8. H-T phase diagram obtained from the magnetic
isotherms, heat capacity, and susceptibility data.

should be then ascribed to the different electronic configura-
tions of Mn2+ and Cr3+. Whereas all five d orbitals of Mn2+

are half filled, two of the Cr3+ d orbitals are empty. Hoppings
between the half-filled and empty orbitals of Mn2+ and Cr3+,
respectively, give rise to a FM contribution that appears to be
dominant in JMn−Cr. In the experimental magnetic structure,
the contribution of JMn−Cr vanishes because each Cr3+ spin
is coupled to two oppositely aligned Mn2+ spins [Fig. 1(d)].
The FM coupling JMn−Cr is incompatible with the noncoplanar
order of the Mn2+ sublattice. It is then natural that the two
sublattices order independently from each other at two distinct
AFM transitions.

D. Phase diagram

The values of TN1 and TN2 obtained from χ (T ) and Cp(T )
along with HC1, HC2, and HC3 obtained from the magnetic
isotherms are summarized in Fig. 8. The H-T phase diagram
features six distinct phases. Phases II and III represent the
zero-field ordered states of the Cr3+ and Mn2+ sublattices,
respectively. When magnetic field is applied, three new phases
(IV, V, and VI) emerge. This complex phase diagram can be
attributed to the strongly frustrated nature of the spin lattice
in the garnet structure. Single-crystal neutron scattering ex-
periments in magnetic fields would be necessary to unveil
the precise nature of these phases. A similar type of complex
phase diagram is commonly found in other garnet compounds
due to their underlying frustration [34,44].

E. Magnetocaloric effect

Temperatures in the sub-Kelvin range can be attained by
employing the MCE [45]. In this process, magnetic field is
applied to the material isothermally and then removed adia-
batically. Therefore, MCE can be quantified by the isothermal
entropy change (�Sm) and adiabatic temperature change
(�Tad) with respect to the change in the applied field (�H).
MCGO features two magnetic ions with large magnetic mo-
ments (S = 5/2 for Mn2+ and S = 3/2 for Cr3+) and the
double magnetic transition. Therefore, MCGO is expected

to exhibit large �Sm and the associated cooling power at
low temperatures. �Sm can be calculated from magnetization
isotherms (M vs H) measured in close temperature steps
around the transitions. Using Maxwell’s thermodynamic re-
lation, (∂S/∂H )T = (∂M/∂T )H , we estimate �Sm as [40,46]

�Sm(H, T ) =
∫ Hf

Hi

dM

dT
dH. (5)

Figure 9(a) displays the plot of �Sm as a function of tem-
perature for different �H values, calculated using Eq. (5). It
features a caret-like shape with its maximum centered around
TN, typically expected for materials with the second-order
magnetic transition. A large MCE characterized by the
maximum entropy change of �Sm � −23 J/kg K is obtained
for a field change of 7 T.

In order to cross-check the large value of �Sm, we also
estimated �Sm from the heat capacity data measured in zero
field and at higher fields up to 7 T. First, we calculate the total
entropy at a given field as

S(T )H =
∫ Tf

Ti

Cp(T )H

T
dT, (6)

where Cp(T )H is the heat capacity at field H , whereas Ti and
Tf are the initial and final temperatures, respectively. Next, we
calculate �Sm by taking the difference of the total entropy at
nonzero and zero fields as �Sm(T )�H = [S(T )H − S(T )0]T .
Here, S(T )H and S(T )0 are the total entropy in the presence
of H and in zero field, respectively. Figure 9(b) presents the
estimated �Sm as a function of T for different �H values. The
shape and peak position of the curves are nearly identical to
the curves obtained from the magnetic isotherms in Fig. 9(a)
but with a slightly enhanced value of �Sm [47].

The adiabatic temperature change �Tad can be estimated
from either the combination of zero-field heat capacity and the
magnetic isotherm data or the heat capacity alone measured
in different magnetic fields. The estimation of �Tad following
the former method may not always give reliable results, as
discussed in Ref. [36]. Therefore, we estimated �Tad from the
heat capacity data alone by taking the difference in tempera-
tures corresponding to two different fields with same entropy
value as

�Tad(T )�H = [
T (S)Hf − T (S)Hi

]
. (7)

�Tad vs T for 1 � �H � 7 T calculated by this method is
shown in Fig. 9(c). The maximum value at the peak position
is found to be �Tad � 9 K for �H = 7 T.

Another important parameter that determines the cooling
performance of the material is the relative cooling power
(RCP). RCP is a measure of the amount of heat transferred
between the cold and hot reservoirs in a refrigeration cycle.
Mathematically, it can be expressed as

RCP =
∫ Thot

Tcold

�Sm(T, H )dT, (8)

where Tcold and Thot correspond to the temperatures of the
cold and hot reservoirs, respectively. The RCP can be approx-
imated as

|RCP|approx = �Speak
m × δTFWHM, (9)
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FIG. 9. (a) Entropy change (�Sm) as a function of T calculated for the field changes of �H = 1 T to 7 T using the magnetization data.
(b) �Sm vs T calculated for the same �H values using field-dependent heat capacity data. (c) Adiabatic temperature change (�Tad) vs T
calculated for the same �H values using heat capacity data.

where �Speak
m and δTFWHM are the maximum value of the

entropy change and full width at half maximum of the �Sm

vs T curves, respectively. RCP as a function of H for MCGO
calculated using the �Sm data from Fig. 9(a) is plotted in
Fig. 10(a). The maximum value of RCP is about ∼360 J/kg
for 7 T.

Magnetic cooling is a cyclic process involving repeated de-
magnetization of the material. Materials with first-order phase
transitions are undesirable for the cyclic operation because
of the energy loss via magnetic or thermal hysteresis [48].
Materials with second-order phase transitions are better suited
for the commercial use. To characterize the nature of the phase
transition in a given material, one can further analyze the field
dependence of RCP and �Speak

m as shown in Fig. 10(a) [49].
We fitted the RCP(H ) and �Speak

m (H ) data by power laws
of the form RCP ∝ HN and |�Speak

m | ∝ Hn, respectively. The
values of the exponents are estimated to be N � 1.44 and
n � 1.12. These exponents are related to the critical expo-
nents β, γ , and δ as N = 1 + (1/δ) and n = 1 + β−1

β+γ
. Using

the value of N and n in the above relations along with the
Widom formula [δ = 1 + (γ /β )] yields β = 1.37, γ = 1.75,
and δ = 2.27. These values of the critical exponents do not
fall under any known universality class [40].

The temperature dependence of n can be used to assess
the nature of a phase transition. Generally, for a second-order
phase transition, the exponent should have the value n � 2
in the paramagnetic region (T 	 TN) and n � 1 well below
TN, while at T = TN it depends on the critical exponents
[50]. On the other hand, for a first-order phase transition, n
will take a value much greater than 2 [50]. To obtain the
variation of n with temperature, we fitted �Sm vs H curves
at various temperatures across the transitions using the power
law �Sm ∝ Hn [see inset of Fig. 10(b)]. The obtained n vs T
data are plotted in the main panel of Fig. 10(b). In the entire
measured temperature range, the value of n remains below 2
with a minimum at around the transition temperatures. This
confirms the second-order nature of the transitions in MCGO
and renders it a suitable material for cyclic operations [49].

We compared the MCE parameters of MCGO with those of
the previously studied MCE materials that have their magnetic

FIG. 10. (a) Relative cooling power (RCP) as a function of field
(H ) obtained from Fig. 9(a). Inset: Peak position �Speak

m as a function
of H taken from Fig. 9(a). (b) Temperature dependence of the power-
law exponent n. Inset: �Sm vs H curves at different temperatures,
with the solid lines representing the power-law fits.
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TABLE I. MCE performance parameters �Tad, �Speak
m , and RCP

for MCGO and representative cooling materials with large magnetic
moments. The compound Li9Cr3(P2O7)3(PO4)2 is abbreviated as
LCPP.

TC or TN |�Tad| |�Speak
m | RCP �H

System (K) (K) (J/kg K) (J/kg) (T) Reference

MCGO 4.5, 2.7 9 23 360 7 This work
HoMnO3 5 6.5 13.1 320 7 [51]
ErMn2Si2 4.5 12.9 25.2 365 5 [52]
EdDy2O4 5 16 25 415 8 [53]
EuHo2O4 5 12.7 30 540 8 [53]
EuTiO3 5.6 21 49 500 7 [54]
LCPP 2.6 9 31 284 7 [36]

transitions in the same temperature range (Table I). This com-
parison suggests that MCGO is on par with other materials
and could be used in cryogenic applications. Thus, the mag-
netic frustration and large spin values are the key factors for
reaching large values of �Sm. Because of frustration, there is
a distribution of the magnetic entropy over a wide temperature
range, resulting in large RCP values.

IV. SUMMARY

In summary, we reported the magnetic and magnetocaloric
properties of the garnet compound MCGO. It contains two

magnetic sublattices: Mn2+ (S = 5/2) forms a geometri-
cally frustrated hyperkagome lattice, whereas Cr3+ (S =
3/2) forms a nonfrustrated eight-coordinated bcc-like lattice.
MCGO undergoes two consecutive magnetic transitions at
TN1 ∼ 4.5 K and TN2 ∼ 2.7 K, as revealed by the magnetiza-
tion and heat capacity data. The NPD experiments confirm
that the two sublattices order independently. The Cr3+ sub-
lattice undergoes collinear AFM ordering below TN1, while
the Mn2+ sublattice develops a noncoplanar AFM ordering
below TN2. Both types of order arise from the nearest-neighbor
AFM intrasublattice interactions. The interaction between the
sublattices is FM in nature and cancels out in the experimental
magnetic structure owing to the frustrated nature of the gar-
net structure. Multiple field-induced transitions are observed
in the M vs H curves below TN2, giving rise to a complex
H-T phase diagram. A large MCE characterized by �Sm ∼
−23 J/kg K, �Tad ∼ 9 K, and RCP ∼ 360 J/kg is obtained
for the field change of 7 T, which can be ascribed to the
strong frustration in the spin system. This renders MCGO
a promising MCE material to achieve low temperatures by
adiabatic demagnetization.
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