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We present a comprehensive study of the structural, magnetic, and thermodynamic properties, as well as
the adiabatic demagnetization refrigeration (ADR) performance of NaGdP,0;. Although NaGdP,0O; exhibits
antiferromagnetic ordering at a Néel temperature of 7y = 570 mK in zero field, ADR experiments achieved a
minimum temperature of 220 mK starting from 7 = 2 K under an applied magnetic field of uoH = ST. The
warm-up time back to 7' = 2 K exceeds 60 hours with 9 hours below 7" = 400 mK underscoring the potential
of NaGdP,0; as an efficient precooling stage in double-stage ADR systems. We show that the spin lattice of
NaGdP,0; can be seen as a network of ferromagnetic spin chains with antiferromagnetic interchain couplings
and also investigate the influence of antiferromagnetic ordering on the magnetic entropy. We find that the
temperature dependence of the entropy plays a more dominant role than its magnetic field dependence in the

magnetically ordered state.

DOLI: 10.1103/PhysRevB.111.064431

I. INTRODUCTION

Traditionally, adiabatic demagnetization of a paramag-
netic salt is employed to obtain temperatures below T =
0.5K [1]. Later, stable and UHV-compatible compounds
with large magnetic moments and extremely low ordering
temperatures—such as gadolinium gallium garnet Gd;GasO1;
[2]—were introduced alongside the paramagnetic salts, which
contained water molecules and were not UHV-compatible.
These compounds have a large fraction of nonmagnetic
atoms to impede magnetic ordering that arises from exchange
or dipole-dipole interactions. Currently the *He /*He dilu-
tion refrigeration technique is still the preferred method for
achieving low temperatures due to its ability to continuously
maintain sub-K temperatures and the absence of magnetic
stray fields. However, the increasing cost of the rare and
strategically important *He isotope has spurred the search for
new adiabatic demagnetization refrigeration (ADR) materials
that would be capable of maintaining low temperatures for ex-
tended periods of time [3]. An ideal candidate for ADR would
have high magnetic volume density, low magnetic anisotropy,
and low magnetic ordering temperatures. A combination of
these properties can be found in frustrated magnets, where the
magnetic ions are more densely packed [4]. This idea has been
taken up in various current research projects, see for example
Refs. [5-10]. Recently, remarkable ADR performance was
observed in a spin supersolid candidate [11].

In our previous study, we investigated the ADR perfor-
mance of NaYbP,0;, which achieved temperatures as low
as Tnin = 45mK [12]. However, the hold time—defined as
the duration between reaching T, and returning to the ini-
tial temperature of 7 = 2 K—was limited to approximately
one hour. This limitation arises from the low entropy of
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NaYbP,05, constrained by the pseudospin-1/2 nature of the
Yb>* ion in the presence of a crystal electric field, yielding
the maximum entropy of R In 2 at low temperatures.

By replacing Yb*" with Gd** (§ = 7/2), the entropy can
be increased to R In 8, thus leading to enhanced magnetic vol-
ume density and potentially superior ADR performance. Here,
we report the structure, thermodynamic behavior, and ADR
performance of NaGdP,0O;. We show that this compound
undergoes antiferromagnetic ordering at a Néel temperature
of Ty =570mK, which is an order of magnitude higher
compared to the Yb counterpart. Notwithstanding this fact,
NaGdP,0; reaches temperatures as low as 220 mK and
demonstrates an impressive hold time of up to 63 hours
making it an exceptional candidate for use as a precooler in
two-stage ADR systems.

II. EXPERIMENT

Polycrystalline NaGdP,O; was synthesized via a con-
ventional solid-state reaction of Gd,03;, Na,COs;, and
(NH4),HPOy. The precursors were thoroughly ground in an
agate mortar and heated at 200° C for 12 h. The mixture
was ground again and sintered in the temperature range of
500-650° C. The temperature was increased in steps of 50° C
and each sintering step lasted 12 h. Increasing the temperature
beyond 650° C resulted in a decomposition of NaGdP,05 into
GdPO4 and NaPO;. Note that we have performed several
similar attempts to grow isoelectronic KGdP,0; to analyze
the effect of replacing the alkaline metal similar to the inves-
tigation of AYbP,O7 (A = Na, K) [12]. However, KGdP,0,
does not form for T < 600°C and at higher temperatures
GdPO,4 and KPO; formed instead.

Phase purity of the sample was confirmed by x-ray powder
diffraction (XRD) using a PANalytical Empyrean diffrac-
tometer with Cu-K,, radiation at room temperature. Rietveld
refinement of the observed XRD patterns was performed

©2025 American Physical Society
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using the FullProf package [13]. The illustration of the crystal
structure was generated using CrystalMaker.

The temperature-dependent heat capacity, C(T'), was mea-
sured using the heat capacity option of a physical property
measurement system (PPMS) Dynacool manufactured by
Quantum Design equipped with a He3-option. To ensure
strong thermal coupling, the specific heat measurements were
performed on a pellet made by mixing an equivalent mass
ratio of NaGdP,07 and silver powder. To extract the specific
heat of the sample, the contribution from the silver powder
was subtracted from the data based on measurements of pure
silver pellets of comparable size. Note that reported values
for entropy and entropy density refer to NaGdP,O; only.
To estimate the phonon contribution, the C(7T') data at high
temperatures (14 K < T < 30K) were fitted using a polyno-
mial C(T) = aT? + bT> + ¢T7 with b and ¢ accounting for
deviations from the low-temperature Debye approximation.
Magnetization as a function of temperature (7' = 0.4-300 K)
and field (up to uoH = 7T) was measured using a MPMS3
magnetometer manufactured by Quantum Design equipped
with a He3-option. These measurements were performed on
a silver-NaGdP, 05 pellet similar to the one used for heat ca-
pacity measurements, with only a portion of the pellet utilized
at low temperatures due to the limited range of the MPMS3.

For the ADR experiment, we used a 3.3 g cylindrical pellet
of 15 mm diameter and 5.5 mm thickness containing equal
weights of NaGdP,07 and silver powder (average grain size
of &1 um). The pressed pellet was sintered at 600° C to further
improve the thermal conductivity. The sample temperature
was measured using a custom-built thermometer based on
a commercial ruthenium oxide chip resistor. The substrate
thickness was reduced by approximately 80% to improve
thermal coupling. This thermometer was calibrated against a
known reference thermometer and read out with a Lake Shore
Model 372 AC resistance bridge, equipped with a Model 3726
scanner, operating at a constant current of 1 nA. It was directly
mounted onto the silver-NaGdP,0O; pellet using GE varnish,
with superconducting NbTi wires used for electrical contacts.
A (quasi)adiabatic state is achieved by evacuating the sample
chamber to a high vacuum of less than 1.3 mPa once the initial
state at 7 = 2 K and puoH = 5T is reached.

The ADR experiments were performed as reported previ-
ously [3,5,12]. This facilitates a direct comparison of the ADR
performances of this diphosphate with its Yb analog.

Magnetic couplings J;; entering the spin Hamiltonian,

H=">_JySS;. (1)
(i)

where the summation is over the bonds (ij) and S = 7/2,
were obtained by the mapping analysis [14] using density-
functional (DFT) band-structure calculations performed in
the FPLO code [15] with the Perdew-Burke-Ernzerhof ap-
proximation [16] for the exchange-correlation potential. Total
energies of several spin configurations were converged down
to 10~7 Ha to ensure sufficient accuracy for the evaluation of
weak exchange couplings between the Gd** ions. Correlation
effects in the Gd** 4f shell were treated on the mean-field
DFT+U level with the on-site Coulomb repulsion U = 10eV
and Hund’s coupling Jy = 1eV. Temperature-dependent
magnetic susceptibility and field-dependent magnetization of

Intensity (arb. units)

26 (deq)

FIG. 1. X-ray powder diffraction pattern of NaGdP,0; (Cu-K,).
The refinement includes the minor impurity of GAPO, (4.5 wt.%).
The largest peak of the impurity phase is marked by a star. The inset
shows the arrangement of the Gd atoms with the distances given in
units of A.

the resulting spin model were obtained from quantum Monte-
Carlo (QMC) simulations using the loop algorithm [17] of
ALPS [18]. Data and details regarding the simulations are
available via Ref. [19].

II1. RESULTS

A. Crystal structure

NaGdP,0; crystallizes in a monoclinic lattice with the
space group P 2, /n (space group #14) [20] and is isostructural
to NaEuP,07 [21]. The structure is built from GdOg polyhe-
dra, slightly distorted PO, tetrahedra, and NaOg polyhedra.
The GdOg polyhedra form infinite chains along the crystallo-
graphic b axis, which are not connected along other directions
[22], suggesting the reduced dimensionality of the magnetic
subsystem. The positions of the Gd atoms are depicted in
Fig. 1 with the characteristic distances given in units of A.

The room-temperature XRD powder pattern of NaGdP, 0
is shown in Fig. 1, along with the Rietveld refinement.
The measured diffraction pattern is well described based on
the reported unit cell parameters [20]. Note that there is
a contradicting report that assigns a different, orthorhom-
bic lattice [23]. As the pattern showed additional peaks
corresponding to the GdPO, impurity, a two-phase refine-
ment was performed with a goodness of fit of x> = 1.8.
We have found a concentration of 4.5 wt.% GdPO4 (which
orders antiferromagnetically below T = 0.8 K [24]). The ob-
tained lattice parameters of NaGdP,0O; are a = 5.222 A,
b=8.419A, c=13.392 A, and B = 111.6°. Those values are
in a good agreement with the literature data [20].

B. Magnetic susceptibility

The high-temperature part of the magnetic susceptibil-
ity, x = M/H, is shown in Fig. 2(a) (T = 30-350K). A
Curie-Weiss behavior is observed over the full tempera-
ture range. A fit to x(T)=C/(T — Ow) + xo yields an
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FIG. 2. Temperature-dependent magnetic susceptibility x =
M/H of NaGdP,0;. (a) Curie-Weiss behavior in 1/x. (b) Low-
temperature susceptibility and its fit (red line) with the model of
FM spin chains (J, = —56 mK) coupled by weaker AFM interchain
couplings (J; = 17mK). The fitted curve is obtained by QMC and
almost identical to a Curie-Weiss fit for 7 > 1 K. (¢) AFM ordering
is indicated by the sharp peak centered at 7 = 0.6 K.

effective moment of e = 8.1 up, a Weiss temperature of
®w = —3K, and a temperature-independent offset of yo =
—7.5 x 10~°m?mol~! (2% of the room-temperature suscep-
tibility, primarily caused by Larmor diamagnetism). The
effective moment is slightly increased compared to the value
of the free Gd** ion (uerr = 7.94 ug), which is probably
caused by the neglect of the sample geometry.

The low-temperature behavior of x (7') [Fig. 2(b)] shows
that the linear evolution of 1/x persists down to 3 K with the

Curie-Weiss fit returning ®w = —0.1(3) K, and only at lower
temperatures a weak curvature appears, followed by the sharp
peak in x(T') centered at T = 0.6 K [Fig. 2(c)]. The sharp
decrease of x (T) below this temperature as well as the strong
suppression of the transition in somewhat larger applied
fields indicates an antiferromagnetic (AFM) ordering. The
AFM ordering temperature is estimated to 7 = 580(20) mK
based on the maximum in the Fisher’s heat capacity,
d(xT)/dT [25].

To analyze the origin of this transition, we calculated
exchange coupling in NaGdP,0; using DFT. We find the
dominant ferromagnetic (FM) coupling J, = —70 mK along
the structural chains of the GdOg polyhedra. The couplings
along the a-direction are much weaker and AFM, J, = SmK.
Two nonequivalent exchange pathways exist for the Gd-Gd
interactions along ¢ (6.76 A and 6.86 A, respectively) be-
cause of the shift of the adjacent chains relative to each
other. The averaged exchange coupling along these pathways,
J. = 5mkK, is also AFM and comparable to J, in magnitude.
The above exchange couplings are augmented by dipolar cou-
plings between the Gd** ions. From the interatomic distances
we estimate [J?| = 26 mK, [J?| = 14mK, and |J”| = 6 mK
obtained as the dipolar coupling energies divided by S(S + 1).
Therefore, the spin lattice of NaGdP, 05 should comprise FM
spin chains with predominantly (super)exchange couplings.
These chains are coupled antiferromagnetically, with the
interchain couplings being largely dipolar in nature.

The magnetic behavior of NaGdP,07 can be described by
the model of FM spin chains (J, < 0) with weaker AFM in-
terchain couplings. For simplicity we choose the single value
of J, that corresponds to J, + J? (two interchain couplings
along a per site) and 2(J, +J?) (four interchain couplings
along c per site, see Fig. 1, from one layer to the next one
the chains are shifted along a by roughly a/2 with respect
to ¢*). This simplified model allows a reasonable descrip-
tion of the magnetic susceptibility [see Fig. 2(b)] using J, =
—56mK and J; = 17mK (g = 1.97) that also reproduce the
AFM ordering temperature of about 600 mK. The fitted J
values are in a quite good agreement with the DFT results
because J, should be seen as average of J, + Jf = 19mK
and 2(J; +JP) = 22 mK.

C. Isothermal magnetization

The isothermal magnetization M (H ) is shown in Fig. 3(a).
For the largest applied fields of uoH = 5T, the measured
moments at T < 2 K approach their saturation value and are in
a good agreement with the saturation moment of the free ion
(tsat = 7.0 up). The model of FM spin chains with weaker
AFM interchain couplings correctly describes the field evolu-
tion of the magnetization at 0.4 K.

Figure 3(b) shows the change of M with respect to tem-
perature, dM/dT, as a function of field. The derivatives were
approximated by subtracting M (H) curves obtained at adja-
cent temperatures (separated by AT) and dividing by AT'. The
following pairs of M(H) curves were used; 0.4 K and 0.5 K
— dM/dT at T =0.45K, 1.0 K and 1.2 K - dM/dT at
T=11K,20Kand 2.5 K - dM/dT at T =2.25K, and
similarly for dM/dT at T = 3.25K and 4.25 K.
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FIG. 3. (a) Isothermal magnetization of NaGdP,0; expressed
in Bohr magneton per Gd**. The orange line shows the simulated
magnetization curve at 7 = 0.4 K obtained by QMC for the effective
model introduced in Sec. III B. (b) Derivative of the magnetization
with respect to temperature as a function of the applied magnetic
field. (c) Change of the magnetic entropy with applied field calcu-
lated by integrating dM/dT over puoH.

The change in dM/dT is largest at intermediate tem-
peratures of T &~ 1K due to the rapid saturation at lower
temperatures and the smaller magnetization at higher tem-
peratures. Experimental dM/dT allows one to calculate the
difference in the magnetic entropy by taking advantage of the
basic Maxwell relations that lead to

Ham(r, H)
ASmag(T, H) = po — ——dH.

| T @

The obtained values are plotted in Fig. 3(c). As ex-
pected, the entropy decreases with increasing applied field,
which is shown by the negative sign of ASy,,.(T, H). At the
lowest temperature of 7 = 0.45K, we find ASy (T, H) =
—6.4Tmol ' K~! for uoH =2T. The slight increase of
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FIG. 4. (a) Temperature-dependent magnetic heat capacity
Cinag(T) of NaGdP,0;. The dotted lines denote extrapolated values
for T — 0, the dashed line is a guide to the eye. The sharp lambda-
type anomaly in H = 0 indicates AFM ordering at Ty = 570 mK.
(b) Magnetic entropy Sy, calculated from C(T'). For uoH = 0 and
1 T, the entropy for T < 0.4 K was calculated based on AS,,, ob-
tained from field-integration of dM/dT (vertical lines). The dotted
lines denote magnetic entropies estimated from extrapolated C,e (T°)
data.

ASmag(T, H) with further increasing field is an artifact
caused by the measurement error of M(H ). Larger changes
in entropy are observed at T = 1.1 K with ASy,,.(T, H) =
—14.2Tmol~ ' K~!. For higher temperatures, ASm.. (T, H)
keeps increasing with increasing field even for the largest
applied fields and asymptotically approaches the maximum
possible value of RIn8 = 17.3Jmol~' K~'. The smaller
changes in the entropy at the lowest temperature are caused
by the lower zero-field entropy (see below), which limits the
maximum possible entropy change that can be achieved by
increasing H.

D. Heat capacity

The temperature-dependent, magnetic contribution to the
heat capacity, Ciae (T'), is shown in Fig. 4(a). A sharp, lambda-
type anomaly for H = 0 marks the AFM ordering at Ty =
570(12) mK in good agreement with x (7). The black, dotted
line marks an extrapolation for 7 — 0 based on an (assumed)
power-law dependence C ~ T2 for T < 0.5 K. Another, small
anomaly at T = 0.74K is attributed to the AFM ordering
of the impurity phase GdPO, in accordance with the previ-
ous results [26]. The entropy associated with this transition
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amounts to 3.5% of the total magnetic entropy in a reasonable
agreement with the phase fraction estimated by XRD.

Further measurements of Cy,(7) were performed in ap-
plied fields of uoH =1, 2, and 5 T. In uoH = 1T, the AFM
ordering is suppressed and a Schottky-type anomaly appears.
An extrapolation of Cpae(T) similar to the one for H =0
was performed for the data obtained in puoH = 1T with an
additional Schottky-type contribution (red, dotted line). At the
lowest measured temperature of 7 = 0.4 K, the heat capacity
is negligible for uoH = 2T and 5 T. With increasing applied
field, the maximum of the Schottky-type anomaly is shifted to
higher temperatures.

Figure 4(b) shows the magnetic entropy calculated from
Cnag(T). Below T =0.4K, the lowest measured tempera-
ture, there is a significant amount of entropy for H =0
that is not accessible from Cyag(T). Therefore, we took
advantage of the entropy difference calculated from the
above magnetization analysis. Since Sy, is essentially zero
for T =0.45K in uoH = 5T, the calculation of ASp, =
Sinag(0T) — Sinag(5T) = 6.4Tmol ™' K~! even yields the ab-
solute value of Sy, for H = 0. Note that Sy, is strongly
temperature-dependent in this temperature range and in-
creases by 1.38 J mol ' K~! between T = 0.40K and T =
0.45K. In this respect, the agreement between the obtained
total entropy of Spae = 16.9Tmol' K~! (at T = 30K) and
the expected value of RIn8 = 17.3Tmol~! K~! can be re-
garded as exceptionally good. The black, dotted line between
T =0.1K and 0.4 K denotes the low-temperature entropy
estimated from the extrapolated Cpyag(7) data. The obtained
values are somewhat smaller than the ones based on the M (H )
data.

Entropy is shifted toward higher temperatures in the
presence of applied magnetic fields. For uoH = 1T, the low-
temperature contribution to Spae Was calculated from M (H)
similar to the case of H = 0. Since ASpag = Smae(1T) —
Smag(ST) = 9.85Jmol ™' K~! at T = 2.25K is larger than the
corresponding entropy difference at 7 = 0.45 K, the estima-
tion was done based on the values at the higher temperature
(though the calculation leads to similar results when using
ASmag for lower temperatures). The relative difference to Spag
calculated from the extrapolated C(7T') data (red, dotted line) is
somewhat larger than for H = 0 and indicates a possible un-
derestimation of the low temperature specific heat caused by
the competition between AFM exchange and Zeeman energy.
The magnetic entropy amounts to Spmae = 17.1J mol ! K~!
(at T = 30K) in excellent agreement with RIn8. This corre-
sponds to a volumetric entropy density of 210 mJ K~'em™3.
For larger applied fields, Sy,; approaches RIn8 and at T =
30K reaches 95% and 91% of RIn 8 for uoH =2T and 5 T,
respectively.

E. Adiabatic demagnetization refrigeration

The main results of the ADR performance for
NaGdP,0; are displayed in Fig. 5. The starting temperature
was T = 2K (slightly shifted due to the neglect of the
magnetoresistance of the thermometer) with an initial applied
field of uwoH = 5T. Upon ramping the field down to zero
at a sweep rate of 5 mT/s, the minimum temperature of
Thin = 220(7) mK was achieved consistently across three

0-0 1 1 1 1
-1000 -500 0 500 1000
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20F :

w
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FIG. 5. Adiabatic demagnetization refrigeration of NaGdP,0,
starting from 7 = 2K and uoH = 5T. A pressed pellet of 50 wt.%
Ag and 50 wt.% NaGdP,0; was measured three times. (a) Minimum
temperature of Tp;, = 220mK is achieved after ramping the field
to H = 0. (b) The warming curve strongly depends on the vacuum
level in the sample chamber that determines the heat input through
convection by the residual gas. The numbers give the calculated heat
input per time Q obtained from a comparison of the specific heat data,
which is shown in panel (c): heat capacity calculated from ADR by
Q = CaprT and directly measured in the PPMS.

independent runs [see the time-dependent temperature 7 ()
in Fig. 5(a), where t =0 corresponds to reaching Ti,].
The exact determination of ¢ = 0 is challenging due to the
minimal change in 7T () around this point. The data suggests a
delay of approximately 45 s between reaching H = 0 and the
lowest temperature. Following this, the temperature increased
linearly by 27 mK in run 1 and 12 mK in runs 2 and 3 over the
first 1000 s. All three runs were conducted under nominally
identical conditions, using the same sample and equipment.
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Notably, the pressure sensor of the Dynacool PPMS indicated
values below its minimum sensitivity of 1.3 mPa.

Nevertheless, it became evident that the dominant factor
in the heat input was most likely the presence of residual
gas at the bottom of the sample chamber. This conclusion is
supported by the observed strong dependence of the warming
curves on the interval between regenerating the cryopump
and performing the ADR experiments, as shown in Fig. 5(b).
Run 1, conducted six months after cryopump regeneration,
exhibited markedly different warming behavior compared to
run 2, which took place four weeks post-regeneration, and run
3, which occurred immediately after regeneration. The hold
time was 21 h, 56 h, and 63 h for runs 1, 2, and 3, respectively.
The numbers provided in this panel refer to the heat input per
time, O [implied from the heat capacity data, see Fig. 5(c)
and next paragraph] and run from Q = 150 to 500 nW. Note
that the heat input during a similar ADR run on the Yb-based
analog [12] was roughly 700 nW.

Assuming AQ = CaprAT and accordingly Q = Capr7,
the heat capacity can be calculated from the time-derivative
of T'(¢) during warming. O was chosen such that Capr(T)
matches the values directly obtained by using the heat ca-
pacity option of the PPMS (see previous subsection). The
results are shown in Fig. 5(c). The sharp lambda-type anomaly
at Ty, along with the subtle feature attributed to the GdPOy,
impurity, is evident in all three runs. As indicated in Ref. [27],
it seems surprising to achieve such an agreement by assuming
a temperature-independent heat input Q.

F. Magnetic entropy in the vicinity of AFM ordering

The AFM ordering at Ty significantly affects the tempera-
ture and field dependence of the magnetic entropy and other
thermodynamic quantities. The implications are difficult to
trace in ADR experiments presented in the previous subsec-
tion due to the rapid changes in temperature during the field
sweep. Therefore, we employ careful magnetization measure-
ments performed below 7 = 1K and analyze the entropy
landscape as a function of field and temperature. To this end,
the isothermal magnetization was measured from 7' = 0.4 K
to 1.0 K in steps of AT = 0.05K for fields from poH =0
to 100 mT in steps of 1 mT. Figure 6(a) presents the mag-
netization data as a contour plot. The largest obtained values
of ~1.8 ug per Gd in uoH = 100 mT amount to ~25% of
the saturation moment. For noninteracting Gd moments, how-
ever, the expectation value is 6.3 ug or 90% of the saturation
moment. The large difference between those values shows the
strong effect of AFM interchain interactions and indicates that
the critical field for suppressing the AFM order is significantly
larger than poH = 0.1T. Indeed, using J; = 17mK from
the susceptibility fit and S = 7/2, one expects the saturation
field of woH; = 2zJ,S(kg/gup) = 355mT (z =4 nearest
neighbors).

For small fields the AFM ordering is apparent from a clear
kink in the contour, and the magnetization is increasing with
temperature for low temperatures. This is better seen in the
derivative dM/dT depicted in Fig. 6(b): Positive values are
observed in the vicinity of 7y. There is a well-defined region
around 7' = 550 mK and py = 8 mT where the magnetization
shows the strongest temperature dependence (note that this
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FIG. 6. Contours of the magnetization and derived quantities for
NaGdP,0; in the vicinity of the AFM ordering as a function of
temperature and applied field (same scale for all panels). (a) The
AFM ordering in small applied fields is marked by a kink in the
contour. (b) Derivative of the magnetization with respect to temper-
ature. In small fields at low temperature the magnetization increases
with temperature due to the suppression of AFM order. (c) Change
in entropy obtained by integrating dM/dT over puoH. The maxi-
mum in AS indicates the state of the largest, magnetic field-induced
disorder. (d) Sum of temperature-dependent entropy obtained from
C(T,H =0) and AS.
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TABLEI. Comparison of ADR key parameters; ordering temper-
ature Ty, minimum ADR temperature achieved in PPMS setup T,
ground-state entropy normalized by volume Sgs.

N Thvin Scs

(mK) (mK) (mJ K~'em™)
KBaYb(BOs), [5] 98 40 64
KBaGd(BO3), [27] 263 122 192
NaYbP,O; [12] 28 45 64
NaGdP, 07 [this work] 570 220 210
NaYbGeOy [28] 210 135 101

“Estimated based on Ty of the Gd analog; see text and Ref. [27].

field is well below the remnant field of the magnet, which
is smaller than 1 mT for the applied fields used in those
scans). In intermediate fields, a sharp change in sign is seen
above the critical temperature. Nevertheless, this sign change
does not mark the AFM phase boundary. The small measured
magnetization (see above) and the remaining anomaly at 7yin
woH = 100 mT [Fig. 6(a)] demonstrate the presence of AFM
order in this field range.

The corresponding change in entropy with field, AS, is
obtained by an integration along the field axis [see also
Fig. 3(c) and text] with the result shown in Fig. 6(c). Two
well-separated regions are observed. The one at lower tem-
peratures shows an increase of S with H, whereas the one at
higher temperatures shows the decrease. The maximum en-
tropy is accumulated in the region around puoH = 22 mT and
T = 550mK and indicates the state of the largest, magnetic
field-induced disorder. The largest increase in the entropy AS
(as a result of changing H) amounts to 32 mJ mol~' K~!,
which is more than two orders of magnitude smaller than the
change in § caused by increasing the temperature to above
TN inH =0.

The sum of S(7,H =0) obtained from C(T) and
AS(T, H) yields the total magnetic entropy, Sy, and is de-
picted in Fig. 6(d). It can be seen that the entropy landscape
is dominated by the temperature dependence. As expected,
Stot decreases with increasing field for 7 > Ty. For T < Ty,
the effect of H is significantly smaller and the contribution
of AS causes only a minor bending of the almost horizontal
isentropes that is not recognizable in the depiction chosen.

IV. DISCUSSION

First, we compare NaGdP,0; with several other poten-
tial ADR materials, such as NaYbP,0O; [12], KBaGd(BO3),
[27], and KBaYb(BO3), [5] (see Table I). In the Yb-based
compounds, no magnetic ordering was observed and ADR
temperatures well below 50 mK were found. In contrast, AFM
ordering occurs in the Gd-based compounds. The Néel tem-
perature, Ty = 570 mK, of NaGdP, 05 is approximately twice
that of KBaGd(BO3),, which has Ty = 262 mK.

Surprisingly, NaGdP,0; exhibits a smaller (absolute)
Weiss temperature of Ow = —0.1(3)K compared to
KBaGd(BO3), with ®Ow = —0.55(3) K [27], despite the
opposite order of their Néel temperatures. Furthermore, the
Weiss temperature ©y of NaGdP,O; is smaller than its
Néel temperature 7y, resulting in the frustration ratio of

®w/Tx < 1. The reason for this counter-intuitive behavior is
the interplay of FM intrachain and AFM interchain couplings
in NaGdP,0; that enter the Weiss temperature as a linear
combination and bring ®w close to zero.

Notably, we observe similar ratios of ¥Apr—arm = Faa =
Tiin/Tn, which are 0.46 for KBaGd(BOs); and 0.39 for
NaGdP,0;. This ratio, raa, can serve as an indicator of
the performance of magnetically ordered ADR materials, as
Tx x S offers a rough estimate of the energy needed to heat the
system above Ty and, therefore, significantly impacts the hold
time (of course, an accurate calculation requires the precise
distribution of S over T'). The difference in Ty explains the
very different hold times between those two Gd-based mate-
rials despite their similar entropy densities (210 mJ K~!'cm™—3
for NaGdP,07 and 192 mJ K~ !cm ™3 for KBaGd(BO3), [3]).
To illustrate this, we scale the hold times to the same heat in-
put rate of O = 500 nW and obtain 8h x 710nW /500 nW ~
11 hin KBaGd(BOs3), [27] versus 21 hin run 1 of NaGdP, 0.
The ratio of the resulting hold times (11 h/21 h) compares
well to the ratio of the 7Tx’s (263 mK /570 mK) despite the very
different shapes of the AFM anomaly in the heat capacity.

The 210 mJ K~'cm~2 entropy density of NaGdP,0; is
comparatively large. Even higher values are found for GGG,
GdPOy, and Gdy 33[Si04]6O; that amount to 363 [9], 401 [24],
and 509 [10], respectively (in mJ K~!'cm™3). The suitability
for applications, however, is going to depend on the refrig-
erant capacity [3], which is strongly temperature dependent,
and various other factors such as thermal conductivity, thermal
coupling, possible degassing, thermal cycling stability, etc.

Similar to the case of KBaGd(BO3), and KBaYb(BO3),,
we estimate the ordering temperature of NaYbP,07 based on
the assumption that dipolar and exchange interactions scale
with the square of the magnetic moment [27]. Using the ratio
(uS4/uXt)? = (7.0/1.55)> = 20 and assuming comparable
effective exchange paths, we estimate Ty = 28 mK.

We now turn to the impact of AFM ordering on the ADR
process. While temperature decreases with decreasing applied
magnetic field in a regular ADR process, a decrease in tem-
perature is expected when increasing the field from H = 0
at temperatures below Ty (see, for example, Ref. [29]). This
behavior has been partially discussed in the context of quan-
tum criticality, where a corresponding decrease in temperature
upon crossing the AFM phase boundary has been observed
both experimentally [30,31] and theoretically [32,33]. ADR
and the magnetocaloric effect in general in the presence
of magnetic phase transitions is discussed for example in
Refs. [34-36] and references therein.

More recent results on low-temperature AFM ordering in
connection to ADR are presented in Refs. [3,28,37—40]. In
particular, the calculation of Cpae(T) from ADR T'(¢) curves
was shown in comparison with directly measured heat ca-
pacity [3,28]. In line with general thermodynamic relations,
the total entropy of NaGdP,0O; does increase with increasing
temperature despite the opposite contribution of the magnetic
field-induced AS as shown in Figs. 6(c) and 6(d). This is
fully consistent with the almost constant temperature observed
in the ADR experiment for uoH < 0.3 T [Fig. 5(a)]. How-
ever, it presents a significant difference to KBaGd(BOs),,
which showed a sizable increase in temperature during
ADR for poH < 03T [27]. Assuming that both ADR
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experiments follow roughly the same isentrope when starting
at T=2K and puoH = 5T (when neglecting different mag-
netic exchange and heat capacity) and given that the magnetic
phase boundary is crossed at roughly half of the respective
Tx, it seems surprising to find such a difference in the AFM
phase. Considering the differences in the heat capacities of
NaGdP,0; compared to KBaGd(BO3), does not provide an
explanation, since at Ty, NaGdP,O; possesses only 12%
of Cinag(In), whereas in KBaGd(BOg3), this value increases
to 24% due to the broader distribution of Cpae(T'). Accord-
ingly, a larger temperature dependence would be expected for
NaGdP,0; when similar changes of the magnetic state vari-
ables are performed, at odds with the observed behavior. More
detailed thermodynamic measurements of KBaGd(BO3), and
related (Gd-based) materials (for example [39,41]) in moder-
ate applied fields are needed to achieve a better understanding
of the low-temperature ADR in the vicinity of AFM ordering.
It is also worth noting that NaGdP,0O; is a nonfrustrated
quasi-one-dimensional magnet with leading FM couplings,
whereas KBaGd(BO3) is a quasi-two-dimensional frustrated
antiferromagnet with possible effects of randomness.

V. SUMMARY

NaGdP,0; shows a vanishingly low Weiss tempera-
ture of ®w = —0.1(3) K and orders antiferromagnetically at
Tn =570 mK. A minimum temperature of T, = 220mK
was reached in quasiadiabatic demagnetization experiments
with the hold time of up to 63 h below 7 = 2K in a stan-
dard Dynacool PPMS (for initial 7 = 2K and puoH =5T).
The magnetic entropy approaches ~99% of the theoretically
expected RIn8 when increasing temperature to 7 ~ 30K.
The magnetic field dependence of the entropy in the AFM
phase was found to be negligibly small when compared to
its temperature dependence (for moderate fields of puoH <
0.1T). NaGdP,07 is a promising ADR material that offers

a high entropy density of 210 mJ K~!cm™ and minimum
ADR temperatures lying well below its magnetic ordering
temperature. While it may not achieve the extremely low
temperatures required for quantum computing with supercon-
ducting qubits (well below 100 mK [42]), it holds significant
potential in typical two-stage or multi-stage ADR setups
[43,44]. In such setups, one stage is designed to provide high
cooling power and large heat capacity (precooling stage),
while the other is optimized for reaching the lowest tem-
peratures. NaGdP, 07 appears particularly well-suited for the
precooling stage.
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