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We report the magnetic and magnetocaloric responses of SrGd»Al;07 single crystals, a Ruddlesden-Popper oxide
that exhibits intrinsic A-site cation disorder. Structural analysis reveals significant Sr-Gd intermixing, which
suppresses long-range magnetic order down to at least 2 K and preserves the full magnetic entropy reservoir of
Gd>*. To describe the magnetization behavior, we implement a Gaussian-averaged Brillouin (GAB) framework
that accounts for the magnetic bond probability and exchange-strength variance arising from the crystallographic
disorder. SrGd,Al>0O7 exhibits large magnetocaloric responses, achieving a maximum isothermal magnetic en-

tropy change ASyag = 42.6 J kg ! K! and adiabatic temperature change Toq = 22.0 K at 7 T, surpassing the
benchmark coolant Gd3GasO12 under comparable conditions. The lattice entropy contribution is exceptionally
low below 20 K, further establishing SrGd,Al;07 as a highly competitive cryogenic refrigerant and highlighting
controlled structural disorder as a potent design strategy for high-performance magnetocaloric materials.

1. Introduction

The development of efficient and reliable cooling technologies at
cryogenic regime (below 20 K) is critical for a wide range of applica-
tions, including space-borne detectors, quantum computing, and the
liquefaction of helium and hydrogen [1,2]. Magnetic refrigeration,
based on the magnetocaloric effect, has emerged as a promising
solid-state alternative to conventional gas-compression methods, offer-
ing improved efficiency, compactness, and operational simplicity [3-5].
The performance of a magnetic refrigerator is fundamentally governed
by the properties of its working agents, making the discovery and
development of refrigerant solids a central scientific pursuit.

An ideal magnetocaloric material should possess high magnetic
moment density, low lattice heat capacity, and magnetic ordering

* Corresponding author.
** Corresponding author.

temperature well below the operational range to prevent the loss of
cooling efficiency [6-8]. In this context, compounds containing Gd*>*
ion are particularly attractive. With its large, isotropic spin-only
moment (S = 7/2, L = 0) derived from half-filled 4f shell, Gd>* ion of-
fers a substantial magnetic entropy reservoir of RIn8 per ion and is
largely unaffected by crystal-field effects [9-14]. For decades, gadolin-
ium gallium garnet Gd3GasO13 (GGG) has been the benchmark material
in this field [15-18]. However, its performance remains far from the
theoretical limit, thereby motivating ongoing efforts to discover supe-
rior alternatives.

A central challenge in designing high-performance magnetic re-
frigerants lies in the intrinsic trade-off between achieving high density of
magnetic ions and the accompanying increase of exchange interactions,
which tends to elevate the magnetic ordering temperature. An effective
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strategy to overcome this limitation involves introducing mechanisms
that suppress or frustrate the long-range magnetic order [19,20]. Geo-
metric frustration, characteristic of lattices such as garnets and pyro-
chlores, is a well-established approach [21,22]. More recently, attention
has shifted toward exploiting chemical or structural disorder, which can
disrupt exchange pathways and stabilize disordered states that retain
substantial entropy down to the lowest temperatures [23].

In this context, the Ruddlesden-Popper oxide SrGd,Al,0; offers a
compelling platform. Its layered structure accommodates a high density
of Gd*" moments while the intrinsic A-site cation disorder (Sr-Gd
intermixing) introduces a spatially random distribution of magnetic sites
[24,25]. We analyze this system using a Gaussian-averaged Brillouin
(GAB) model, a theoretical framework that goes beyond mean-field
theory (MFT). This model quantitatively incorporates dual conse-
quences of disorder: magnetic bond dilution and exchange-strength
variance.

By applying the GAB model to our high-quality SrGd,Al,0; single
crystals, we show that the magnetization behavior is quantitatively
governed by this crystallographic disorder. The resulting magnetic
frustration preserves the full magnetic entropy of the dense Gd>* sub-
lattice at low temperatures, leading to a strong magnetocaloric response.
Our results establish structural disorder as a powerful, model-supported
design parameter for engineering high-performance magnetocaloric
materials.

2. Material and methods
2.1. Crystal growth

High-quality SrGd;Al,O7 single crystal was grown using the Czo-
chralski method. Stoichiometric amounts of SrCO3; (AR grade, Sino-
pharm), Gd;0O3 (4N, Changchun Institute of Applied Chemistry, CAS),
and Al,O3 (AR grade, Sinopharm) were weighed as received, thoroughly
mixed, pressed into pellets, and sintered at 1200 °C in air for 10 h. Then
the powder samples were reground and pressed, heated at 1500 °C in air
for another 10 h. The sintered discs were then transferred to a custom-
built crystal-growth furnace equipped with medium-frequency induc-
tion heating, an iridium crucible (¢-50 x 50 mm?), and a high-purity Ny
atmosphere.

Crystal growth was performed at a pulling rate of 1 mm/h and a
rotation speed of 10 rpm. To minimize internal thermal stresses and
prevent cracking, the as-grown crystal was subjected to a slow-cooling
annealing process (15-30 °C/h) before removal from the furnace.
Finally, a crystal slice with dimensions of 8 x 4 x 1 mm® was cut and
polished for subsequent characterization.

2.2. Characterization

The out-of-plane X-ray diffraction (XRD) patterns were collected
using a Rigaku SmartLab 9 kW X-ray diffractometer. Back-reflection
Laue patterns were obtained using a Photonic Sciences Laue camera.
DC magnetization and susceptibility measurements were conducted in
applied magnetic fields ranging from 0 to 7 T and temperatures between
2 and 300 K, using a Quantum Design PPMS-9 system (VSM insert). Heat
capacity measurements were performed in the temperature range of
1.9-40 K under applied fields of 0, 1, 2, 3, 5, and 7 T using the same
apparatus. To ensure optimal thermal contact, Apiezon N-grease was
applied.

3. Theory and calculation
3.1. Long range dipolar interactions

The pairwise dipole-dipole interaction between magnetic moments y;
and pj, separated by the position vector ry, is described by:
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In the mean-field theory (MFT) approximation, this long-range inter-
action is simplified into an internal dipolar molecular field Hpp that is
linearly proportional to the bulk magnetization M, as Hpp = AppM. Here,
Jpp is the dipolar molecular-field coefficient, which is orientation-
dependent for magnetization measured along a specific unit vector,
with units of T/(up/ion).

For the specific [4/mmm lattice, App is computed once and held fixed
for each magnetic orientation. A real-space spherical cutoff is adopted:
we sum over all Bravais lattice translations and basis Gd>" sites within a
radius Rpax = 100 f\, and confirm convergence by cross-checks per-
formed at 60 and 120 A. For the given lattice constants, a = 3.7052 A
and ¢ = 19.781 A, this corresponds roughly to enumerating in-plane
translations up to +27-28 cells and along c up to £5-6 cells (with
spherical selection applied). Crucially, the macroscopic demagnetizing
field is not included in App.

3.2. Gaussian-averaged Brillouin (GAB) model

The Gd3™ are treated as localized spins with total angular momentum
quantum number J = S = 7/2 and Landé g-factor g = 2. The per-ion
magnetization is denoted by M (with magnitude M), expressed in
units of up/ion. The external field H is expressed in tesla (T). In classical
mean-field theory (MFT), the total effective field acting on a magnetic
moment is the sum of the external field and the internal molecular field
Hpmol = AM. The total molecular field coefficient 4 is given by the sum of
the exchange contribution (4.) and the dipolar contribution (App) by 4
= Aex + App [6,11,13,23,26,27].

The mean-field self-consistency equation is used to determine the
magnitude of the magnetization M, and it reads:

M=gJupB;(f gJ pg[H+ 1 M]), 2

where Bj(x) is the Brillouin function, and g = (kgL We adopt the
Heisenberg convention where the exchange coupling J; > 0 for anti-
ferromagnetic (AFM) coupling, so that the Hamiltonian reads:

T =Y JiSiS;. 3)
<ij>
Let z denotes the number of equivalent nearest neighbors, the mean-

field exchange contribution then becomes:

ZkB
Aex = — <Jex>- (C))
(gup)*

In systems with partial magnetic occupancy f, the exchange network is
disrupted by site dilution and bond-to-bond fluctuations. We model this
using a magnetic-bond probability p = £ (i.e., probability that a nearest-
neighbor pair is connected by a Gd-Gd bond), along with a Gaussian
distribution of exchange strengths on the existing bonds:

Jox ~ A ((Jex), 07). (5)

Summing over the z neighbors gives a mean exchange field AexM, and
a variance of the molecular-field coefficient ¢,, reads:

zk?
0_2 _ B

2 (gﬂ )4 [paﬁ +p(1 _p)<Jex>2}-, (6)
B

where o2 represents the bond-strength randomness.

We then compare the global goodness-of-fit against that of the pure-
MEFT baseline using the standard likelihood-based model selection cri-
terion, the total Akaike Information Criterion (AAICyta1), to identify the
optimal parameter pair in the (p, 6;) plane. For a given pair (p, ), we fit
only the mean field value (J,x) for each isotherm.
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4. Results and discussion
4.1. Crystallographic analysis

Fig. 1 presents the ®-20 X-ray diffraction scan collected from a
single-crystal platelet with large, parallel faces. Only (00¢) reflections
are observed across a wide 20 range, characterized by sharp, resolution-
limited peaks and the absence of parasitic reflections. This pattern is
consistent with a (001) surface orientation and confirms strict c-axis
alignment of the crystal within the tetragonal structure. Back-reflection
Laue diffraction, taken with the incident beam parallel to the c-axis,
reveals a sharp, fourfold-symmetric spot pattern devoid of streaking or
splitting, indicating low mosaicity and excellent crystallinity.

SrGdyAlpO7 crystallizes in the tetragonal space group I4/mmm (No.
139), with lattice parameters a = b = 3.7052 Aandc=19.781 A Z=2).
It adopts the n = 2 Ruddlesden-Popper structure, analogous to Sr3TizO7,
in which corner-sharing AlOg octahedra form double-layered perovskite
slabs separated by rock-salt-type AO layers [24,25]. The A-site cation
distribution is partially disordered: the Wyckoff 4e site (tricapped
trigonal prism, Og) is Gd-rich [0.86 Gd + 0.14 Sr], while the Wyckoff 2b
site at (0, 0, 1/2) (cuboctahedral Oq5) is Sr-rich [0.72 Sr + 0.28 Gd].

4.2. Magnetic susceptibility and magnetization

Fig. 2(a) presents the temperature-dependent effective moment,
uete(T), along with Curie-Weiss (CW) fits to the magnetic susceptibility.
On warming, pes(T) approaches the free-ion value expected for Gd3*,
while a pronounced low-temperature downturn indicates dominant
antiferromagnetic (AFM) correlations. Linear CW fits to ;(_l(T) are

nearly orientation-independent. For H//c, we obtain ®/C/Vf, = -49K
(50-300 K) and —5.1 K (2-20 K), with corresponding effective moments
of 7.91 and 7.92 yp per Gd®*. For H L ¢, we find ©f, = —5.1 K (50-300
K) and —5.5 K (2-20 K), yielding effective moments of 7.99 and 8.01 yp
per Gd®*. This weak anisotropy is consistent with Heisenberg-like Gd®*.

The magnetism arises from Gd>" ions primarily occupying the Gd-
rich 4e sublattice. When projected onto the ab plane, these sites form
square nets within the perovskite slabs. Stacking along c is interrupted
by the rock-salt AO layer, suppressing interlayer coupling and favoring
dominant in-plane interactions. The A-site intermixing introduces two
critical effects: (i) effective dilution of the magnetic network in the Gd-
rich layers, quantified by a bond probability p and (ii) a distribution of
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Fig. 1. Out-of-plane (0-20) XRD of a SrGd;Al,;07 single crystal (Cu Ka). Only
the (007) reflections are observed, consistent with a (001) surface and c-axis
alignment in the tetragonal I4/mmm structure. Inset: Photograph of the platelet
single crystal used in this study, the broad faces correspond to the (001) plane;
back-reflection Laue pattern with the incident beam // ¢, showing fourfold
symmetry and sharp spots, further confirming c-axis orientation and good
crystallinity.
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Fig. 2. Magnetic susceptibility and GAB modeling of magnetization data. (a)
Temperature dependence of the effective moment, ueg (T), for fields H L ¢ and
H // c. The dashed line marks the free-ion limit for Gd®>* ions (S = 7/2). The
low-T downturn evidences predominant antiferromagnetic correlations. Inset:
Curie-Weiss fits to y ! (T) over temperature ranges 2-20 K and 50-300 K; Ocw
is more negative for H L c. (b) AAIC map from the GAB analysis scanning the
probability p and the exchange-width ¢;/kg. The optimum occurs near p = 0.72
and oy ~ 0.10 K (star), close to the crystallographic Sr-Gd mixing fraction (f ~
0.86, Wyckoff 4e). (c-d) Isothermal M(H, T) curves (symbols) and global GAB
fits (solid lines) upto7 T: H LcatT=2,4,6,8and 10K (c)and H//cat T =3,
5,7,9and 11 K (d).

exchange strengths arising from local distortions in Gd-O-Gd bond
geometries.

We therefore employ the Gaussian-averaged Brillouin (GAB) model,
incorporating the magnetic bond probability p and the exchange-width
oj. Both parameters are held constant within each field orientation. To
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account for the long-range dipolar background, we compute orientation-
dependent molecular-field offsets: A{/DC = —0.0627 and 155 = +0.0314 T/

(up/ion). The fixed dipolar offsets ié/DC and 135 are used as input,
ensuring that the fitted exchange reflects true short-range interactions.

In both geometries, the GAB model provides a significantly better fit
than pure MFT, as shown in Fig. 2(b) and Supplementary Fig. S1 and S2.
Notably, the crystallographic expectations with a random Gd occupancy
of 0.86 on the 4e site (probability 0.86 x 0.86 = 0.74), is in excellent
agreement with the fitted p; = 0.72, and marginally larger than p,, =
0.65, where the dipolar counter-term is stronger. The final global fit
reproduces the measured M(H) curves quite well, yielding small AFM
average exchanges: JU¢ =0.334 K and JLE = 0.399 K. The modest 20 %
anisotropy in J., between orientations is fully consistent with an un-
derlying isotropic microscopic exchange on Gd>*, which arises primar-
ily from the dipolar offsets of opposite sign and from bond dilution.

4.3. Heat capacity and entropy

Fig. 3(a) shows the nil-field heat capacity C, of a (001)-oriented
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Fig. 3. Heat capacity and entropy along H L c. (a) Nil-field C,(T) of a (001)-
oriented SrGd,Al,O7 single crystal; the dotted curve is the lattice baseline Cp +
Cg from a Debye-Einstein fit. (b) Magnetic heat capacity Cpag(T, H) = C;, - (Cp
+ Cp) for H=0, 1, 2, 3, 5 and 7 T, respectively. (c) Total entropy Sio(T, H)
obtained by integrating C,/T, and the lattice contribution Sy, (dotted line), see
text for detail. The vertical drop Sy, ; — S, ; illustrates the magnetic entropy
change ASp.e (T, H) = So, ; — Sy  the horizon arrow Sy, ; — Sy, f defines the
adiabatic temperature change T,q at constant entropy. The red dashed line
marks the free-ion limit 2RIn8 for two Gd>™ ions.
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SrGd,Al»0y7 single crystal measured from 2 to 40 K. The lattice contri-
bution is modeled by a combined Debye-Einstein fit, yielding a Debye
temperature ©p = 257 K and an Einstein temperature O = 131 K.
Subtracting this phonon baseline yields the magnetic heat capacity,
defined as Cag(T, H) = Cp(T, H) — (Cp + Cg), as shown in Fig. 3(b). No
A-type anomaly is observed down to 2 K in any field, whereas broad
humps emerge at 5 T and 7 T, consistent with Zeeman-split multiplet
excitations of the Gd>* ions.

Fig. 3(c) presents the total entropy, Siot(T, H) = Slat + Smag, Where Sjat
represents the lattice entropy and Spag is the magnetic entropy, calcu-
lated by integrating Cmag/T up to Thmax = 40 K. For H= 0 and 1 T, we
assume that the full magnetic entropy is recovered by 40 K, which is
justified since Cpyag — 0 as T — 40 K. For higher fields, a T2 extrapolation
is employed. The entropy is numerically calculated as:

Tinax Cmag (77 H)

Smag(T, H) =Spu1 — / dT7 TE [Tmirn Tmax] @

T

where Sg is the theoretical saturation entropy of Gd®*, and Tain, Tmax
corresponds to the temperature limit reached in the measurement.

The resulting nil-field entropy becomes temperature-independent
above T = 7.5 K, consistent with the full release of magnetic entropy
from a degenerate ground-state multiplet of spin S = 7/2. The lattice
entropy Sia¢ remains small compared to the total entropy S¢o; at T = 20 K.
A typical ratio of Sjat/Smag = 0.03 is obtained, substantially lower than
that of GdPO4 (0.42), enabling more simplified Carnot cooling cycles
below 20 K [28].

4.4. Magnetocaloric effect and efficiency

We evaluate the magnetocaloric effect for the H L ¢ configuration
using two fully independent methods to determine the magnetic entropy
change ASnag: (i) the Maxwell relation applied to the isothermal M(H, T)
dataset, and (ii) direct calorimetry via numerical integration of C;,/T. As
shown in Fig. 4(a), the results from both approaches converge onto a
single curve within experimental uncertainty (open vs filled symbols),
thereby validating our data consolidation process. Quantitatively, ASyag
reaches 42.6 J kg7! K™! at 7 T, surpassing the canonical garnet
GdsGasO19, which yields 42.4 J kg™! K™! only at 9 T [6,16,29,30].
Adiabatic temperature changes, T,q, are extracted from isentropic con-
tours of the total entropy Siot(T, H), as illustrated schematically in Fig. 3
(c) and summarized in Fig. 4(b). The maximum adiabatic temperature
change attains 22.0 Kat 7 T.

We further evaluate the intrinsic caloric efficiencies that quantify the
useable heat |Q| transferred per unit of actuator work |W|. The absorbed
heat is computed by integrating uoTo(0M/0T)y, while the mechanical
and electrical input energies correspond to permanent-magnet and so-
lenoidal actuation, respectively [31-33]. We report two dimensionless
efficiency metrics across the 1-7 T field range and 2-14 K temperature
window: a mechanical efficiency #mec Spanning 17-69 %, and an elec-
trical efficiency #ejec ranging from 1.1 to 2.9 %, as plotted in Fig. 4(c).
These values are competitive with those of other oxide-based re-
frigerants under comparable conditions [31,32].

The combination of large ASpag and sizable T,q at moderate fields
can be attributed to two key structural features: the layered Ruddlesden-
Popper topology of the Gd®* sublattice, and the A-site Sr/Gd disorder.
These jointly delay magnetic ordering and maintain a broad, field-
tunable entropy reservoir across the 2-12 K window.

4.5. Scaling analysis

The relative cooling power is defined as RCP(H) = AS(H) 6
Trwam(H), where AS;,y is the peak magnetic entropy change and 6Trwrm
is the full width at half maximum of the ASy,,¢ curve. The field depen-
dence of RCP is well described by a power-law scaling RCP(H) = AH* "/
% yielding a critical exponent 5 = 1.5, i.e., RCP o H'” [34]. This relation
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Fig. 4. (a) Isothermal magnetic entropy change ASp,s (T, H) for H=10, 1, 2, 3,
5 and 7 T. Open symbols: Maxwell relation from M(H, T); filled symbols:
integration of C,/T. The two routes coincide within uncertainty, confirming the
data consolidation process. (b) Adiabatic temperature change T,q as a function
of final temperature Ty, obtained from isentropic constructions of S (T, H). (c)
The mechanical and electrical efficiency under varied fields (1-7 T) and oper-
ating temperature (2-14 K).

quantitatively captures the rapid increase in cooling capacity with field
in SrGd,Al;07 and reflects the near mean-field behavior of the system.

Following the Franco procedure for second-order magnetocaloric
materials, we normalize the ASyag(T, H) and rescale the temperature
axis using a reduced variable T4, taken as the temperature at which
ASmag reaches half its maximum value [1,34]. Under this normalization,
all 64 ASmae(T, H) curves collapse onto a single universal master curve,
as shown in Fig. 5(b).

To further quantify the field response of the magnetocaloric effect,
we extract the field exponent n(T), which describes the sensitivity of
ASmag(T, H) to applied field, as [35,36]:

0In| ASneg (T, H)|

n(T,H) = oln H

(8

The maximum value of n(T) approaches 2 in the high-temperature
paramagnetic regime, consistent with Curie-law behavior, ASyag o H%/
T2. This trend aligns with both the observed universal-curve collapse
and the RCP scaling (6 = 1.5).

5. Conclusions

To conclude, we demonstrate that single crystals of SrGd;Al;0O7,
which exhibit significant A-site cation intermixing, possess magnetic
properties governed primarily by this intrinsic structural disorder. As
standard mean-field theory failed to capture the observed behavior, we
introduced a Gaussian-averaged Brillouin model that explicitly in-
corporates magnetic bond probability p and exchange-strength variance
oy. This model accurately reproduces the magnetization curves and
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Fig. 5. (a) Relative cooling power, RCP as a function of field up to H =7 T; red
solid line is the power-law fit using RCP « H'*1/% (b) Universal master curve:
64 traces of AS,, vs reduced temperature T;eq collapse onto a single curve. (c)
Temperature dependence of the field exponent n(T) extracted from ASp,.g(T, H)
for 0-7 T (color scale), with n — 2 approaching the paramagnetic limit.

yields fitted parameters that quantitatively match the crystallographic
disorder. These results confirm that such disorder effectively suppresses
long-range antiferromagnetic ordering down to 2 K, thereby preserving
the full magnetic entropy for field-driven manipulation in the cryogenic
regime.

As a result, SrGd2Al,O; exhibits a large magnetocaloric effect,
achieving a maximum ASy,ag of 42.6 J kg’1 K~ ! and an adiabatic tem-
perature change Toq of 22.0 K at 7 T, surpassing the benchmark garnet
refrigerant GdsGas0O;2. The material also benefits from an exceptionally
low lattice entropy contribution (Sjat/Smag = 0.03 at T = 20 K), enabling
efficient and simplified cooling cycles. Our findings identify SrGd,Al,O;
as a promising cryogenic refrigerant and establish that engineering A-
site disorder in layered Ruddlesden-Popper structures is a powerful
strategy for optimizing magnetocaloric performance.
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