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Attaining millikelvin (mK) temperatures is often a prerequisite for the study of quantum phenomena
and the operation of quantum devices. Adiabatic demagnetization refrigeration (ADR) is an effective,
easy, and sustainable alternative to evaporation or dilution cooling with the rare and superexpensive
3He. Paramagnetic salts, traditionally used for mK ADR, suffer from chemical instability related to
water of crystallization. We report synthesis, characterization, as well as low-temperature magnetization
and specific heat measurements of two alternative UHV-compatible candidate materials NaYbP,O; and
KYbP,0;. Utilizing the physical property measurement system at 2 K, the ADR of sintered pellets with
Ag powder admixture starting at 5 T yields base temperatures (warm-up times) of 45 mK (55 min) and 37
mK (35 min) for NaYbP,07 and KYbP,0, respectively, slightly advantageous to KBaYb(BO3), (45 mK

and 40 min) studied under similar conditions.

DOI: 10.1103/PhysRevApplied.20.014013

I. INTRODUCTION

Quantum effects are most evident at low temperatures
where the thermal fluctuations are suppressed. Quantum
effects such as Bose-Einstein condensation [1], super-
conductivity [2], quantum Hall effect [3], quantum spin
liquid [4], quantum spin ice [5], etc., have been experi-
mentally discovered only at temperatures close to abso-
lute zero. The global scarcity of helium [6,7] and the
increasing need for refrigeration for various technolog-
ical applications enhanced the relevance of helium-free
magnetic refrigeration techniques. The isotope *He, used
in these refrigeration techniques, is extremely scarce in
availability and thus extraordinarily expensive due to its
increased demand in the defence sector for the produc-
tion of neutron detectors to combat nuclear terrorism
[8—101].

The significant temperature changes in some magnetic
materials due to the magneto-caloric effect (MCE) while
exposed to an external field [11] make them useful for
attaining low temperatures through adiabatic demagneti-
zation refrigeration (ADR) [12—14]. Currently millikelvin
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(mK) ADR is intensively used in satellites and other space
technologies [15—19] and has already been shown to be
potentially practical for quantum computers [20]. More
generally, MCE-based magnetic refrigeration significantly
reduces environmental impact and offers energy savings of
nearly 30% compared to conventional techniques that use
refrigerant gases [21].

For ADR applications, replacing a 3He-*He dilution
refrigerator, materials with a significant entropy change
AS in the temperature range between 10 mK and 4 K are
required. They should also exhibit a strong MCE within the
lowest possible applied magnetic field. In the multistage
process for attaining subkelvin temperatures, the material
is first precooled to a temperature of about 2 K in a mag-
netic field of typically a few teslas (e.g., using a pumped
“He bath or a pulse-tube cooler). Subsequently, the thermal
contact with the bath is cut by pumping out the He gas or
opening a heat switch, and the cooling substance is demag-
netized. In this adiabatic process, the very low entropy of
the cooling substance due to precooling in the magnetic
field requires that the temperature of the cooling substance
is significantly lowered, ideally below 50 mK.

A major disadvantage of ADR compared to 3He-*He
dilution refrigeration has been its incapability of contin-
uous cooling, which is being addressed by the recent
developments in continuous ADR [16,22]. Commercial
continuous refrigerators based on ADR are now available

© 2023 American Physical Society
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[23], suggesting that ADR has the potential to become a
major refrigeration technology.

Even several decades after the first realization of mag-
netic refrigeration down to the mK range, hydrated param-
agnetic salts with very low ordering temperatures are com-
monly used as cooling substances in ADR refrigerators. In
the paramagnetic salts, the spins are very much diluted and
are almost noninteracting, resulting in a low volumetric
cooling power and low thermal conductivity. By contrast,
systems with a higher number of magnetic ions per unit
volume may exhibit stronger exchange interactions, result-
ing in magnetic order. The magnetic ordering typically
prevents the system from cooling down adiabatically to
lower temperatures.

Even in almost-ideal paramagnets, there may be a very
weak magnetic interaction J through which the neighbor-
ing spins can interact weakly even at H = 0, resulting in a
small internal field. This can lead to a tiny Zeeman split-
ting (Ao) and magnetic ordering at a temperature of the
same energy scale. Magnetic ordering suddenly drops the
entropy to zero and limits the final ADR temperature to
Ty ~ Ag ~ J, since the entropy difference between 4 = 0
and a finite H is a crucial parameter for ADR [24]. A
perfect paramagnet with zero interaction and maximum
entropy at H = 0 close to 0 K is an ideal refrigerant. But in
real paramagnetic materials, the presence of a finite weak
interaction is inevitable.

Recently the disordered quantum magnets came into
focus. Since entropy accumulates near quantum criti-
cal points and/or due to magnetic frustration, alternative
strategies for obtaining efficient mK ADR were explored
[24-35]. In frustrated quantum magnets, the enhanced
quantum fluctuations suppress the long-range ordering,
despite the strong spin interactions, giving rise to a shift
of entropy towards low temperatures, that is crucial for
obtaining lower ADR end temperatures [24]. For the effi-
ciency of the cooling substance, the available entropy
change per volume is an essential parameter [36]. The
size of the spins and their density contribute to the vol-
umetric entropy density, which should be as high as
possible.

Traditional mK ADR substances such as CrK(SOy); -
12H,0 (CPA) [37] incorporate water of crystallization for
separation of magnetic ions. Hence, the magnetic interac-
tions are sufficiently small, resulting in very low magnetic
ordering temperatures, like 30 mK for CPA. However,
these salts have high water vapor pressure and, therefore,
cannot be evacuated. This requires vacuum-tight encapsu-
lation of the active material in a protective container. In
order to ensure sufficient thermal coupling of very poorly
thermally conductive salts, it is also necessary to grow
them as single crystals within a very fine wire network
[36]. This complex production of encapsulated cooling
units leads to high costs. Furthermore, they must not be
heated due to the lack of chemical stability. This means that

they cannot be thoroughly baked above 100°C for UHV
applications.

Oxide quantum magnets, on the other hand, are stable
upon heating and evacuation. Recently, it was discovered
that potassium-barium-ytterbium borate KBaYb(BO3),
can be used as an inert, easy-to-produce and inexpensive
cooling substance for UHV-compatible adiabatic demag-
netization cooling [24]. Magnetic order in KBaYb(BOs3),
is hindered by both geometrical frustration on the trian-
gular lattice as well as the statistical mixing of K* and
Ba’*, resulting in uneven electric fields acting on the Yb>*
ions, eventually causing a wide distribution of magnetic
couplings. Isostructural KBaGd(BO;), shows magnetic
order below Ty = 263 mK in zero field, reaches a min-
imal ADR temperature of 122 mK and warm-up time of
8 h in the physical property measurement system (PPMS)
setup [38]. Dipolar and magnetic exchange couplings are
of similar magnitude in this system [38,39]. Taking into
consideration that dipolar and exchange interactions are
proportional to the square of the magnetic moment and
using the measured saturation moments for KBaYb(BO3);
and KBaGd(BOs;),, suggests a magnetic order at 9 mK in
the former [38].

In this work, we report mK magnetization, specific heat,
and ADR measurements on the geometrically frustrated
quantum magnets NaYbP,0; and KYbP,O;. Similar to
KBaYb(BOs); [24], the two materials are chemically sta-
ble and UHV-compatible. A direct comparison of the ADR
performance with KBaYb(BOs3), under similar conditions
indicates for NaYbP,0O; a similar ADR end temperature
but 30% longer hold time and for KYbP,0O7 a 20% lower
ADR end temperature at the cost of a 12.5% shorter hold
time. Thus, the two diphosphates are superior candidates
for UHV-compatible mK ADR.

II. METHODS

Synthesis: polycrystalline samples of AYbP,0O; (4 =
Na, K) are synthesized by the conventional solid-state
reaction technique by annealing the stoichiometric mix-
ture of Na,CO3/K,CO3 (99.99%), Yb,03 (99.99%), and
NH4H,PO4 (99.99%) in an alumina boat at 650°C for
NaYbP,0; and 600 °C for KYbP,0O5 for a duration of 48 h
with one intermediate grinding and pelletization. The syn-
thesis procedures for the KBaYb(BO3); pellet used for the
comparison of ADR performances are described in Ref.
[24].

Powder x-ray diffraction: phase purities of the sam-
ples are confirmed by powder x-ray diffraction (XRD,
PANalytical powder diffractometer with CuK,, radiation,
Aave = 1.54182 10%) at room temperature. Rietveld refine-
ment of the observed XRD patterns is performed using the
FullProf package [40] (see Fig. 3), taking the initial
parameters from Ref. [41,42].
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dc magnetization: dc magnetization (M) is measured as
a function of the temperature (7) down to 0.4 K and the
applied magnetic field (H) up to 7 T in a MPMS-3 Quan-
tum Design superconducting quantum interference device
(SQUID) magnetometer with *He option.

Specific heat: specific heat C,(T) is measured using the
heat-capacity option of a PPMS manufactured by Quantum
Design. For the low-temperature (04 K <7 <2.2K) C,
measurements the *He option is used.

For strong thermal coupling, the specific heat measure-
ments are performed on pellets made from sodium and
potassium diphosphates (grain size 10—50 pm) mixed with
fine silver powder (1 wm) in a mass ratio of 1 : 1. In order
to extract the specific heat of the sample, we subtracted
the Ag contribution from the measured data. In a magnetic
insulator, the specific heat C, contains significant contribu-
tions from the phonon excitations (Cy,) and the magnetic
lattice (C,,). At high temperatures, C, (T) is entirely dom-
inated by Cpp, while at low temperatures, it is dominated
by C,,. In order to estimate the phonon part of the spe-
cific heat, the zero-field data are fitted by a polynomial
function between 10 and 20 K (where no magnetic con-
tribution is present), see Fig. S1 within the Supplemental
Material [43]. Similar procedures have been used previ-
ously and have shown to be efficient for estimating Cpy,
in cases where heat-capacity data of nonmagnetic analog
compounds are not available [44—47]. The fit is extrapo-
lated down to low temperatures, and the magnetic specific
heat C,, is obtained by subtracting the obtained C, val-
ues from the experimental C, data. Magnetic entropy S,
is estimated by integrating C,,(7)/T from 0.4 K to high

temperatures as S,,(T) = fO_T4 X C’"T(,T)dT )

Adiabatic demagnetization refrigeration (ADR): using
an ADR material in a commercial PPMS in order to
achieve temperatures below 1.8 K without using 3He
presents an immediate practical application. For the cool-
ing experiment, we use a 3.5 g cylindrical pellet of 6 mm
thickness and 15 mm diameter containing equal weights of
AYDbP,0; (grain diameter 1050 wm) and silver powder
(grain diameter 1 wm). Silver powder is used to improve
the thermal conductivity within the pellet as AYbP,O; is
insulating in nature. Also, we sinter the pressed pellet at
600 °C to further improve the thermal conductivity.

We perform the ADR experiments in the PPMS with a
similar setup as described in Refs. [24,38]. A sample stage
is constructed in which the pellet is mounted on a plas-
tic straw. The sample is thermally isolated from the heat
bath. An RuO, resistor is glued as a thermometer on the
pellet and is connected using thin resistive manganin wires
to minimize the heat flow. The resistor is measured with a
current of 1 nA utilizing a Lake-Shore 372 AC Bridge and
reached a value of 31.65 kOhm for KYbP,O~ at the lowest
temperature. A metallic cap is used as a shield to minimize
the effect of surrounding thermal radiation. The sample is
cooled to 7=2 K in a field of 5 T and subsequently the
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FIG. 1. Crystal structure of NaYbP,O7 in the a-b plane and
along the c¢ direction. The YbOg octahedra are linked via POy
tetrahedra and span a distorted triangular grid (left panel). One
such triangular layer is highlighted by a rectangular box in the
right panel. Different Yb-YDb distances are color coded.

high-vacuum mode (pressure < 10~* mbar) is employed
in order to achieve thermal decoupling. Then the magnetic
field of 5 T is swept to zero at a rate of 0.15 T min~'.
At zero field the pellet reaches the lowest temperature
and then slowly back up to 2 K by the slow heat flow
from the bath. The imperfect adiabaticity mainly arises
from the finite amount of exchange gas. Of course the
vacuum would be improved, if the high-vacuum mode is
already switched on at higher temperatures, but then a long
hold time to reach the starting temperature 2 K would
be necessary. We also perform ADR experiments with a
KBaYb(BO3), pellet from Ref. [24] utilizing the same
thermometer and procedure as in the case of AYbP,0O;.
This allows for a direct comparison of the ADR perfor-
mances of the two diphosphates with that of the previously
reported borate.

III. RESULTS

A. Structure

Both NaYbP,0; and KYbP,0; crystallize in a mono-
clinic lattice with the space group P21/c (No. 14) but form
different structure types. The point symmetry of the Yb
site is 1, thus the Yb>" total angular momentum J = 7,2
splits into four Kramers doublets. The crystal structure of
NaYbP,0O; consists of distorted YbOg octahedra, which
are corner-shared with POy tetrahedra, forming a magnetic
Yb triangular layer in the crystallographic a-b plane. These
triangular planes are well separated by two nonmagnetic
PO, units and Na ions along the crystallographic ¢ direc-
tion (see Fig. 1). In KYbP,04, on the other hand, the YbOgq
octahedra are connected by PO, tetrahedra forming uni-
form chains running along the ¢ axis and are connected
by alternating chains in the a-c plane. It forms a three-
dimensional distorted hyperhoneycomblike network (see
Fig. 2).
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FIG. 2. Crystal structure of KYbP,0;. The YbOg octahedra
are linked via POy tetrahedra forming uniform chains running
along the ¢ axis (highlighted by a rectangular box), which are
interconnected by alternating chains running in the a-c plane
(highlighted by an ellipse in the right panel). This forms a three-
dimensional distorted hyperhoneycomblike network. Different
Yb-Yb distances are color coded.

B. Powder x-ray diffraction

Figure 3 shows the powder XRD pattern of NaYbP,0,
and KYbP,O; at room temperature, along with the
Rietveld refinement. For NaYbP,05, the refinement uses
the monoclinic space group P2;/c (No. 14) [settings
P2;/n (unique axis b)], taking the initial parameters
from Ref. [42]. The goodness of fit is x> = 4.72. The
obtained lattice parameters are a = 9.0215(1) A, b=
5.3599(1) A, ¢ =12.7816(1) A, B = 103.1655(1)°, and
Veen =~ 601.81(1) AS. These values are in close agreement
with reported values [42]. For KYbP,07, the refinement is
performed using the monoclinic space group P2;/c (No.
14) [settings P2,/c (unique axis b)], taking the initial
parameters from Ref. [41]. The goodness of fit is x? =
8.78. The obtained lattice parameters are a = 7.5500(1) A,
b =10.8306(1) A, ¢ =8.5492(1) A, B =106.7200(1)°,
and Ve >~ 669.52(1) A3. These values are in close agree-
ment with the reported values [41]. The unit cell volume
of NaYbP,05 is small compared to KYbP,O; because the
ionic radius of Na™ (1.18 A) is smaller than that of K+
(1.51 A) [48].

C. Magnetization

The temperature-dependent magnetic susceptibility
x(T) = M /H data of NaYbP,07 and KYbP,0O; are mea-
sured at applied fields H = 0.1 T and 1 T. No evidence of
any long-range magnetic order is observed down to 0.4 K.
At high temperatures (above 150 K), 1/x (7) can be well
fitted with the modified Curie-Weiss (CW) expression (see
Fig. 4)

x (1) = xo+ (D

T —Ocw’
where y is the temperature-independent contribution con-
sisting of the diamagnetic susceptibility of core electron
shells (xcore) and the van Vleck paramagnetic susceptibility
(xvv) of the open shells of the Yb>* ions. The second term
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FIG. 3. Powder x-ray diffraction pattern (open red circles) for

NaYbP,07 (upper panel) and KYbP,0O7 (lower panel) at room
temperature. The solid line represents the Rietveld refinement,
with the vertical bars showing the expected Bragg peak positions
and the lower solid blue line representing the difference between
observed and calculated intensities.

in Eq. (1) is the CW law with the CW temperature 6w and
Curie constant C = N, ,ugff/3k3. Here, N4 is Avogadro’s
number, e = gv/J(J + 1)up is the effective magnetic
moment, g is the Landé g factor, up is the Bohr magneton,
and J is the effective spin.

NaYbP,0,

1200 =17
— 100f
to 80F
”
5 60}
£
"= 40 1y
= " ) CW fit (150 - 300 K) ]
RN —— Two-level CW fit (25 - 300 K)
0 1 1 1 1 1
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T (K)

o
x
S
£
=
2
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FIG. 4. Inverse magnetic susceptibility (1/x) data measured

at 1 T as a function of temperature (7) for NaYbP,0O7 (upper
panel) and KYbP,O; (lower panel). The dashed and solid lines
represent the fits by Egs. (1) and (2), respectively.
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The fitting yields the parameters x>~ —1.73 x
10~* ecm? /mol, Cyr =~ 3.20 cm*K/mol, and 6, ~ —92 K
for NaYbP,07 and x}'T ~ —2.48 x 10~*cm?®/mol, Cyr ~
3.18 cm®K/mol, and 64, ~ —99 K for KYbP,0;. Note,
however, that these CW temperatures arise from the cur-
vature below 100 K due to the crystal electric field (CEF)
splitting and thus cannot be used to estimate magnetic cou-
plings. The resulting effective moment !l is calculated
to be 5.06up and 5.05up for NaYbP,O; and KYbP,O,
respectively. These values of /,ng are in reasonable agree-
ment with the expected value of 4.54up for the Yb>F
(J =17/2,g = 8/7) ion in the 4/ 3 configuration.

A clear change in slope is observed in 1/x(7) data
below 150 K, arising from thermal depopulation of excited
CEF levels. Similar behavior is observed in several other
Yb**-based spin systems. Typically, the combination of
the spin-orbit coupling and the CEF leads to a Kramers
doublet ground state for the Yb** ion, and the low-
temperature properties can be described by an Seg = 1/2
ground state [49—54]. Our analysis of the entropy (below)
indeed confirms a Kramers doublet ground state below
10K.

Following Ref. [55] effective two-level CEF fits

2 2 A -1
Mer1 T Mera X e=A/h @)
1 4+ e=2/D

1/x(T) = &(T — Ocw) (

with splitting A =231 K for NaYbP,0; and 220 K for
KYbP,07 can successfully describe the change in slope of
the inverse susceptibility below 150 K, cf. the red lines in
Fig. 4. The obtained values for ptefr 12 and Ocw are 3.60up,
5.89up, and —11 K, respectively for NaYbP,07, as well as

3.51up, 5.83up, and —13 K, respectively, for KYbP,0O.
The values of ex; and 6cw do not represent the low-
est Kramers doublet, as evident by the deviation of the
fit from the data below 40 K. A fit with four CEF levels
and associated effective moments suffers from too many
adjustable parameters. Therefore, we determine the prop-
erties related to the Kramers doublet ground state from
magnetic measurements below 2 K.

The magnetization isotherms M (H) of KYbP,O; [see
Fig. 5(a)] and NaYbP,O; [see Fig. 5(b)] measured up
to 7 T at T= 0.4 K show saturation around 1.5 T. The
saturation values Mg, are estimated by fitting the high-
field regions above 5 T with straight lines reflecting
xoH and extrapolating the lines back to zero field. This
yields xo 2 5.51 x 1072 cm?/mol and My, ~ 1.5515 for
NaYbP,0; and yo ~ 4.11 x 10~ cm?/mol and Mg, ~
1.47up for KYbP,O5;. Using phe = CeiSeftidp ZIVES et
values of >~ 3.10 for NaYbP,O7 and >~ 2.94 for KYbP,0;.
After subtracting xo, the x(7) data below 2 K are fitted
by the CW law x(T) = C/(T — 6cw). The fitting yields
O&% =~ (51 £4) mK and pll ~2.68up for NaYbP,0O;
and 65y, ~ (18 £4) mK and ] ~ 2.53u5 for KYbP,0O5.
The obtained effective moments are in good agreement
with e = e/ Ser(Sesr + 1) up for a pseudo spin-1/2
ground state with gy values of 3.10 for NaYbP,O;
and 2.92 for KYbP,0O;, consistent with those estimated
from M.

Very small values of 6%}, at low-T suggest the lack
of significant exchange interactions between Yb>* mag-
netic moments. According to mean field theory, Ocw is
the sum of all possible exchange interactions [56]. Since
there are many possible interaction pathways in the struc-
ture, as shown by Figs. 1 and 2, it is also possible that the

(a) 1.8 T T T T T T T T T T T v T T T T T T T v T T
| T=04K M, ~ 155 1, /Yb" NaYbP,0, | M, ~ 147 /6" KYbP,0,
-------- e - i it =l = v
15F /<]J<1 = == linear fit | = == linear fit 4
| 7 20 . ]
</ H=0.1T .
12+ = . ]
_ | '_; 1.5+ 4
- ° 1
§ T4 S 1o 1
& g
s [ g 1
= o6l 2 —— CW it 1 —— CW it 1
L 05F 1
§ Hl-rlf ~2.68 Hg plll. =2.53p, i
- Gy =51 +4mK | ¢y, =18+4mK |
0.0 L A L L L L L i
0.0 0.4 0.8 1.2, 1.6 0.8 1.2 1.6
T (K) T(K) 1
00 1 1 1 1 1 1 L L 1 1 1
0 1 3 4 6 7 3 4 5 6 7
H(T) H(T)
FIG. 5. Isothermal magnetization M (H) measured at 0.4 K for NaYbP,0O; (a) and KYbP,0; (b). Dashed lines represent linear

contributions (see text). The insets show the low-temperature inverse magnetic susceptibility after subtracting x, along with the CW

fit for NaYbP,O; [inset of (a)] and KYbP,O [inset of (b)].
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FIG. 6. Low-temperature magnetic specific heat (C,,) of NaYbP,O7 [upper panel of (a)] and KYbP,O7 [upper panel of (b)] at

several external magnetic fields. Phonon contribution is subtracted from the raw data using a polynomial fit. Magnetic entropy (S,,) of
NaYbP, 05 [lower panel of (a)] and KYbP,0; [lower panel of (b)] calculated by integrating C,,/T. For fields below 2 T the entropy is
vertically shifted to match the other curves at 20 K. Two arrows show the ADR process.

competing ferromagnetic and antiferromagnetic exchange
interactions cancel each other, resulting in very small
values of Oy

D. Specific heat

The specific heat analyses of NaYbP,07 and KYbP,0,
at different applied fields are shown in various panels of
Fig. 6, suggesting their ADR potentials. The specific heat
data of NaYbP,0; and KYbP,0; show no signatures of
magnetic long-range ordering down to 0.4 K. In zero field,
the specific heat shows an increase towards lower tem-
peratures, suggesting the entropy accumulation associated
with the Kramers doublet of Yb>*. This doublet is split
by the magnetic field into j. = +1/2 and j. = —1/2 lev-
els, causing a Schottky anomaly that shifts toward higher
temperatures with increasing field.

For NaYbP,0; and KYbP,0, the resulting magnetic
entropy (S,,) saturates about 5.3 J/mol K and 5.6 J/mol K,
respectively (see Fig. 6). The values agree quite well with
the expected theoretical value S,, = RIn(2J + 1) of 5.76
J/mol K for the Kramers doublet with J.¢ = 1/2. At 0 and
1 T, the entire entropy of R In2 associated with the lowest
Kramers doublet of Yb** could not be recovered as we did
not measure below 0.4 K. Higher fields shift the entropy
toward higher temperatures, so that at 2 T, almost com-
plete entropy of RIn2 can be recovered above 0.4 K. The
entropy data at 0 and 1 T, are vertically shifted to match
values at higher fields (2 and 5 T). At 5 T, only approx-
imately 10% of RIn2 remains at 7 = 2 K. Therefore, by

adiabatic demagnetization starting from 2 K and 5 T, very
low temperatures can be attained as indicated by arrows in
Fig. 6.

In the zero-field specific heat data of NaYbP,O; and
KYbP,0O7, a tiny anomaly at 2.23 K is found, arising
from a Yb,0O3; impurity contribution [57]. Integrating the
entropy related to this impurity peak yields a negligible
fraction of 0.6% of RIn2 related to the impurity con-
tribution for both compounds (see Fig. S2 within the
Supplemental Material [43]).

E. Adiabatic demagnetization refrigeration

The comparison of the cooling performances of
NaYbP,0O; (red) and KYDbP,O; (green) with KBaYb
(BO3); (yellow) in the commercial PPMS are shown in
Fig. 7. The sample temperatures are plotted on the left y
axis, while the external magnetic field is plotted on the
right y axis. During demagnetization, the lowest temper-
ature attained by KYbP,0O; is 37 mK while the lowest
temperatures attained by NaYbP,0; and KBaYb(BO3);
are both 45 mK. A spike in the sample temperature around
70 mK is observed, possibly due to flux pinning of the
superconducting magnet.

The time required for NaYbP,0O7 to relax back from the
lowest temperature to 2 K is 55 min, whereas the warm-
ing time for KYbP,0O; is shorter, i.e., about 35 min. The
warming time of NaYbP,0O7 is much longer than that of
KBaYb(BO3); (40 min). Note that the hold times at low
temperatures could be significantly enhanced by using a
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FIG. 7. ADR performance comparison of NaYbP,0O; (red),

KYbP,0; (green), and KBaYb(BO;3), (brown) in the commer-
cial physical property measurement system (PPMS). The sample
is slowly cooled to 7 = 2 K at H = 5 T through the weak thermal
link to the PPMS puck kept at 2 K and the ‘high-vacuum mode’
of the PPMS was employed in order to achieve thermal decou-
pling. Subsequently, magnetic field is swept from 5 T to zero at
arate of 0.15 T min~! and the temperature change with time t is
recorded. The blue curve shows the respective magnetic field.

thermal shield and precooling ADR station for all con-
nected wires. But already in this simple setup, the warm-up
times are sufficient to use the setup, for instance, to perform
temperature-dependent electrical resistance measurements
on small samples. Of note, the obtained base tempera-
tures are much lower as for the commercially available
ADR option for the PPMS, which uses CPA and reaches
a minimum temperature of 100 mK [58].

IV. DISCUSSION

The low-temperature properties of both NaYbP,O; and
KYbP,07 can be well described by an effective spin-1/2
ground state expected for Yb**-based quantum magnets.
Very small CW temperatures obtained from the analy-
sis of the susceptibility data at low temperatures indicate
the absence of significant interactions between the Yb
moments, which is advantageous to achieve low final
temperatures in ADR measurements.

The compounds NaYbP,0; and KYbP,07 have proven
to be very efficient for ADR applications because they do
not contain water molecules and are stable to heating and
evacuation. It can be seen from Fig. 6 that almost all of
the entropy (RIn2) of the lowest Kramers doublet can
be used for cooling, even at a moderate magnetic field
of 5 T, similar to the conventionally used paramagnetic
salts [14]. The crucial parameters determining the effi-
ciency of various known ADR materials are compared in
Table 1. The full entropy of the ground state is described
as Sgs = RIn(2J + 1), and the entropy density Sgs/vol.

TABLE I. Comparison of relevant parameters of different mK
ADR materials: T, is the magnetic ordering temperature, Sgs is
the entropy of the ground-state multiplet, and R is the universal
gas constant. The abbreviations are MAS = Mn(NH4),(SO4); -
6H,O (manganese ammonium sulfate), FAA = NH4Fe(SO,) -
12H,0 (ferric ammonium alum), CPA = KCr(SO,) - 12H,0
(chromium potassium alum), CMN = Mg;Ce,(NO3); - 24H,0
(cerium magnesium nitrate).

ADR materials
Material T, mag.ion/vol. Sgs Sgs/vol.
(mK)  (nm™) [mJ/(K cm?)]
MAS [59] 170 2.8 RIn6 70
FAA [59] 30 2.1 RIn6 53
CPA [37] 10 2.2 Rln4 42
CMN [60] 2 1.7 RIn2 16
YbPt,Sny; [28] 250 12.9 RIn2 124
Yb3GasO;, [29] 54 13.2 RiIn2 124
KBaYb(BOs3), [24] < 22 6.7 RIn2 64
NaYbP,0, <45 6.6 RIn2 64
KYbP,0, < 37 6.0 RIn2 57

is calculated by dividing Sgs by the unit-cell volume. A
large value of Sgs is always beneficial because the mag-
netic entropy changes (AS,,) of magnetic refrigerants act
as the driving force of ADR. However, it is worth not-
ing that for practical purposes, the relevant quantity is not
the molar entropy but rather the volumetric entropy density
Sgs of the material.

As can be seen from Table [, materials with high entropy
density such as YbPt;Sn or Yb3;GasO;; exhibit mag-
netic orderings at 250 and 54 mK, respectively, which
limit their lowest attainable temperatures as the entropies
drop to zero below the ordering temperatures. The high-
temperature paramagnetic salts such as MAS and FAA,
which have a larger magnetic entropy RIn6 are also
affected by their much higher magnetic ordering tempera-
tures. On the other hand, low transition temperature mate-
rials such as CPA and CMN have low magnetic moment
density and hence low entropy density. A high entropy
density usually contradicts a low magnetic ordering
temperature.

In this context, it has been reported that the disordered
quantum magnet KBaYb(BO3); exhibits these two mutu-
ally exclusive criteria, such as a high volumetric entropy
density (64 mJ/(K cm?®)) combined with a very low order-
ing at approximately 9 mK [38], allowing ADR to be
well below 20 mK [24]. In this compound, the magnetic
frustration and the structural randomness help to suppress
the magnetic order. Because of its suitable properties,
KBaYb(BO3);, has been proven to be an excellent anhy-
drous ADR refrigerant. By demagnetizing H = 5T at2 K
in PPMS, a minimal temperature of 40 mK was attained
with pellets mixed of KBaYb(BOj3), powder with Ag pow-
der [24]. Utilizing a better adiabatic setup in the dilution
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refrigerator with feedback control of the bath temperature
following the sample temperature, KBaYb(BOs3), cooled
upon demagnetization starting at 5 T from 2 K to well
below 20 mK [24].

NaYbP,07 and KYbP,07 have also high magnetic ion
densities (6.6 and 6 nm~3) and volumetric entropy densi-
ties [64 and 57 mJ/(K cm®)]. These values are comparable
to those of KBaYb(BO3);, but are much higher than those
of the paramagnetic ADR salts for the mK application. The
comparative study of the ADR performance of AYbP,0;
and KBaYb(BO3), pellets under exactly similar conditions
reveal a significantly lower minimal temperature of 37 mK
for KYbP,0O,, whereas NaYbP,0- reaches the same min-
imum temperature of 45 mK as KBaYb(BO3), but with
the advantage of a much longer warm-up time. Com-
parison with our previous work on KBaYb(BO3), [24]
suggests that KYbP, 07 and NaYbP,07 can also be cooled
by demagnetization to significantly lower temperatures of
at least 20 mK in better adiabatic conditions (as realized
previously for the former utilizing a *He- *He dilution
refrigerator).

Compared to commercially used conventional mK ADR
coolants based on paramagnetic salts, AYbP,O; and
KBaYb(BO3); are anhydrous compounds and hence stable
at high vacuum and high temperatures up to at least 600 °C.
Therefore, an encapsulated installation is not required,
making them user friendly and suitable for UHV applica-
tions. Finally, excellent thermal contact can be achieved
in easily prepared pellets by mixing powder samples with
silver powder in 1:1 ratio. Overall, it has been shown
that all three cooling substances are very well suited for
UHV-compatible ADR down to 50 mK.

V. CONCLUSION

In summary, we perform a comprehensive study on
the low-temperature properties of two Yb-based quan-
tum magnets NaYbP,07 and KYbP,0; and compare their
mK ADR performance with KBaYb(BOj3),. The low-
temperature properties are well described by very weakly
interacting J.; = 1/2 Kramers doublets of the Yb>* ions.
ADR experiments in the PPMS under comparable condi-
tions for all three compounds confirm that all the three
are highly suitable to achieve temperatures below 50 mK.
With respect to KBaYb(BOj3),, KYbP,0O7 yields a 20%
lower temperature (but 12.5% shorter hold time), while
for NaYbP,07 a similar end temperature is combined with
30% longer hold time compared to KBaYb(BO3),. Both
diphosphates are thus excellent new UHV-compatible mK
ADR materials.
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