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Frustrated magnet for milli-Kelvin range
low temperature cooling
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Abstract )

Cooling to an extremely low temperature of 0.1K or
less is required not only for basic research but also for
applications such as quantum computers [1,2]. Dilution
refrigerators are currently mainly used, but, requires
helium-3. Due to the unstable supply of helium-3
because of sharp demand for neutron detector after the
synchronized terrorist attacks, September 11 attacks
[34], adiabatic demagnetization refrigeration (ADR) for
cooling to the millikelvin temperature has received a
great deal of attention.

In ADR, the entropy due to the fluctuation of the
magnetic moments absorbs the heat. However, at
low temperatures, the entropy disappears due to the
magnetic ordering of the magnetic moments at the
temperature corresponding to the magnetic interaction
(J), and therefore the final temperature is limited.

We have shown that a frustrated magnet
KBaYh(BOs), can be cooled to temperatures well below
the conventional cooling limit of J[5]. This is because
the entropy remains large even at low temperatures
due to the suppression of magnetic order caused by
frustration.

In addition, since the conventional refrigerants
contain many water molecules, there is a problem of
deterioration such as deliquescence and efflorescence,
but KBaYb(BO;), used in this study is stable in the air
because it does not contain water molecules.

This material is an ideal coolant that combines the
low final temperature, stability in air, and high magnetic
moment density per volume.
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1. Background )

Suppression of thermal fluctuations by lowering
temperature gives access to intricate and potentially

usable quantum effects. Major discoveries, such as
quantum Hall effect and superfluidity/superconductivity,
have been made by explorations of matter close
to absolute zero. Recently, the development of
quantum computers and sensors for dark matter
detection rendered low-temperature refrigeration an
important technological challenge. One of the viable
methods for reaching milli-K (mK) temperature range
is adiabatic demagnetization refrigeration (ADR)
using paramagnetic salts. Its main advantages over
the currently dominant technique, *He-*He dilution
refrigeration, are the simple construction of a cooling
device and its operation without the usage of expensive
*He. The recent crisis of *He, which was caused by
the increased demand due to construction of neutron
detectors for defense against nuclear terrorism, raised
serious concerns about the strong dependence of the
current technology on such a scarcely available and
ever more expensive gas. This triggered renewed
interest in ADR, as well as interesting proposals for
completely new types of ADR materials.

The only advantage of *He-'He dilution refrigeration
is its capability of continuous cooling, while conventional
ADR is a single-shot technique. This makes the *He-*He
dilution refrigeration more commonly used than
ADR. However, the situation may change thanks to
recent developments of continuous ADR cooling and
availability of commercial continuous refrigerators
based on ADR [6]. Therefore, ADR has the potential of
becoming the main cooling technology already in near
future, at least in the mK temperature range.

2. Contents of research )

ADR uses magnetic moments of almost-ideal
paramagnets with very weak magnetic interaction J.
Because the interaction is weak, magnetic moments
are easily aligned by external magnetic field, causing
reduction of entropy (Figure 1(a,b)). The entropy
difference is the key for ADR. Sweeping the magnetic
field from a finite value to zero in an adiabatic condition
(isentropic) cools the magnetic material. Here, when
the magnetic material causes magnetic order, the
entropy disappears and cooling stops at the ordered
temperature. For this reason, substances with weak
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Figure 1. (a) Difference in behaviors of magnets under
zero and finite magnetic field. The left is a usual
magnet and the right is a frustrated magnet.

(b)Temperature dependence of entropy. Entropy
decreases below ordering temperature Tm.
The Red and black lines are frustrated and
usual magnets, respectively.

(c) Crystal structure of KBaYb(BOs)..

(d) BOg surrounding Yb ion.
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Figure 2. Magnetic field dependence of magnetization
of KBaYb(BO3),. Inset shows temperature
dependence of inverse magnetic susceptibility.
The line is a fit by Currie-Weiss law, resulting in
6 =-60mK.
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interactions and low ordered temperatures are suitable
for cooling.

In commonly used paramagnetic salts, these
interactions are reduced by large distances between
the magnetic ions, which are separated by water
molecules. However, abundance of water makes these
salts prone to decomposition. They deliquesce in humid
atmosphere and dehydrate in vacuum or upon even
mild heating. Therefore, for repeated use without
degradation, stable water-free materials with very weak
magnetic interactions are desirable. Furthermore, ADR
would be certainly beneficial for applications in ultra-
high-vacuum (UHV) apparatus, especially in scanning
tunneling microscopy and angle-resolved photoemission
spectroscopy where the necessity of chamber baking at
high temperature and high vacuum for reaching UHV
makes the use of current ADR materials essentially
impossible.

Here, we demonstrate the effective refrigeration with
an H,O-free frustrated magnet KBaYb(BOs), that shows
excellent ADR performance on par with conventional
water-containing paramagnetic salts, and achieves an
end temperature 16mK.

In this compound, Yb* ions are responsible for
magnetic properties and thus for the ADR. At
sufficiently low temperatures, the lowest doublet
state of Yb* is occupied. The crystal structure of
KBaYb(BOs), depicted in Figure 1(c, d) reveals isolated
YbO; octahedra surrounded by six BO, triangles.
Here, Yb-ions form a triangular lattice, the feature
that already caused interest in this and isostructural
rare-earth borates from the perspective of frustrated
magnetism. Such geometrical frustration may shift
the magnetic ordering transition toward lower
temperatures or even suppress the magnetic order
completely.

The enhanced ADR performance in frustrated
magnets has been observed, but temperatures in
the mK-range could not be reached because of the
relatively strong magnetic interactions. KBaYb(BOs),
is a novel type of an H,O-free refrigerant combining
several properties that are beneficial for reaching
lowest temperatures: large separation between the
magnetic ions, geometrical frustration of magnetic
interactions.

Magnetization measured down to 0.5K shows the
typical paramagnetic behavior (Figure 2). The inverse
magnetic susceptibility 1/( x-x0) shows the Curie-
Weiss law. The fit returns Curie-Weiss temperature
# =-60mK. This temperature scale corresponds to
strength of magnetic interaction and usually magnets



Y OB ECEE2EHOANEF SN E T, K1
(¢, d) IR EN TS KBaYb(BO,), D fbiE#EIL, 6O
@ BO, ZATIZH F 729837 L 72 YO, NERE - T
WIS, ST YbAF VREMKTERRLTEY .,
7 I A ML — b L7EHEOBIE» O T TE &
L7260 2D &) BRBMEN R T T A ML —3 3 Vi,
WEHFOmB T L VIKWVIREIZY 7 P &E720 ., B
& el L7200 35D H ) 9.

7I AL — b L72HMAD ADRIFIES N TE
F L7225 TN F COWEIL IR MRS A B
D720, mK#BOREICHETETHATL
KBaYb(BO,), . H,0 #&FE R WHi L\ & 4 TOEHET,
SAREE ICHLET 2 DI R A b Ghbe T E
o FIU, WEERA A > RO BREE & S HAEH oA
FWT7IAMNL =3 TT,

05K TilllsE S 7-fibid, SR 2 H Rt OIR 5 v
R LTC0ET (B2), Wi 1/ (x-x0) td¥F 21 —
7 A AHNZHIET 5 OB ORERGEEEZFH, 74 A
WO =60mK L2 ) F3, ZOT A ARENBB X
ZOMEMEMOBSZRLTBY ., #@FIEZ OMRERT
THAEFZEZ LET,

% LT, KBaYb(BOs), & 5K &R 7 4.02g DL
v MR L CGRAIERZITWE Lz i, s
@ KBaYb(BO), DXL v bNOBSREZR % 1) -S4 F
o MTFHOBMLERLYLET H72012, TLVALLAR
Ly F2600 ETHEMELE L. Ly M, 4 RKDO#E
50um OF D HRICE DEM IS, BpIcHiizINT
WEF, Ry b2 RuO, TR E R 5 Al CHL
DTSN THWET, oty M7 v Fid. ARG
DEZEF X 83— (EJ) ~10°mbar) IZH YT 5 F
L7

T T = 5
KBaYb(BOj),
——Sample Temperature_4
—————— Bath Temperature
——Magnetic field
13
€ T
~ -
10 2
1
0.01 ' ‘ y 0
0 20 40 60 80
Time (min.)

5D T AN, FiRIEES (A#h). 2L
KBaYb(BOs), DEFLEE. KERIRISEEDR
B, BADREIFEBNDRRZR < /=D EhE
EICBRET D IO L 2.

Figure 3. Cooling test. The red is magnetic field (right
axis). The black is the sample temperature and
the grey dotted is bath temperature. The bath
temperature is feed-back controlled to follow
the sample temperature to prevent heat flow.

order around this temperature.

We test this prediction in the actual cooling
experiment that was performed with a 4.02g pellet
containing equal weights of KBaYh(BO,), and silver
powder. Silver improves thermal conductivity within
the pellet of insulating KBaYb(BO,),. To improve
thermal conductance between the particles, we sintered
the pressed pellet at 600 C. The pellet was mounted
on a sapphire-plate sample holder, which is held on
a plastic frame by four 50um thin fishing wires. A
resistive RuO, thermometer is attached to the pellet
with glue. This setup was attached to the cold bath in
a vacuum chamber (with pressure of ~10°mbar) of the
dilution refrigerator.

In order to minimize the heat flow into the sample
from the bath, we used a feedback control of the bath
temperature (7) to follow the sample temperature (7).
Because the heat flow is k« AT where AT= T,-T, and
k 1s the thermal conductance between the bath
and the pellet, minimizing AT suppresses heat flow
significantly. With the bath temperature of 2K, the
pellet was slowly cooled to 2K at 5T. Then we swept
magnetic field to zero with the 0.25T/min rate while
giving the feedback control to the bath. As shown
in Figure 3, the pellet is quickly cooled down to
16mK. After reaching the lowest temperature, the
sample warms up slowly due to the heat flow from
the surroundings (the bath and radiation). Note that
T, deviates from T, below 0.4K. This is because the
cooling rate of T is too fast for the bath to follow.
The large temperature difference indicates a weak
thermal conductance between the sample and the bath.
Because of the difference there is finite heat flow into
the sample. Therefore, under ideal adiabatic conditions
the end temperature would be even lower than the
extrapolated 16mK.

We note that there is no visible anomaly in sample
temperatures. A phase transition of second (or first)
order would cause a kink (or a local plateau). The
absence of such an anomaly confirms the absence of
magnetic ordering in KBaYb(BO,), down to 16mK, the
temperature several times lower than |8 |=60mK. This
behavior is in line with the geometrical frustration
expected in KBaYb(BO,),.

An immediate practical application of an ADR
material would be its integration into commercial PPMS
to achieve temperatures below 1.8K without using *He.
To this end, we constructed a stage where the sample
pellet is placed on a tall plastic straw and thermally
isolated from the heat bath (Figure 4). A resistive RuO,
thermometer is glued on the pellet. Then the setup is
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shielded by a metallic cap to reduce thermal radiation
from the surroundings. Using the "high-vacuum mode"
of the PPMS (pressure below ~10"mbar), we set the
bath temperature to 2K at a magnetic field of 5T. After
reaching 2K, the field is swept to zero with a rate of
0.15T/min. The pellet reaches temperatures below
40mK. The pellet warms up back to 2K in about 50
minutes by the weak heat conduction. This warming
rate is slow enough for data collection of transport
properties, such as electrical or Hall resistivity.
Although the difference in setup has to be taken into
account, the performance of our stage is better than the
commercial ADR option for PPMS, which utilizes the
paramagnetic salt, CPA, and reaches 100mK only.

Normally, as the distance between the magnetic
moments becomes shorter, the interaction becomes
stronger and the ordered temperature rises, so there
was a dilemma that the final temperature increases if
the density of the magnetic moments was increased
in order to increase the amount of absorbed heat.
Although the density of the magnetic moment of
this material is several times higher than that of the
conventional paramagnetic salt, it achieves similar final
temperature as the paramagnetic salt. In this way,
the effect of frustration realizes these two mutually
incompatible properties.

3. Significance and impact of research results )

In summary, we demonstrated the H,O-free
refrigerant KBaYb(BO;), with the high entropy/
volume ratio and excellent ADR performance of
achieving 16mK upon demagnetization from 5T at
2K. The absence of water molecules in this new
refrigerant brings several additional advantages over
conventional and commercially used paramagnetic
salts. In such paramagnetic salts, delicate treatment to
avold degradation and ensure a good thermal contact
by incorporating wires to the refrigerant pill, which
makes production very advanced. With KBaYb(BO,),,
improving thermal contact is much easier because
rough treatments are possible. In the present study,
for example, we ground the sample into fine powder
and sintered the pressed pellet of a mixture with
silver powder at high temperatures. Moreover, water-
containing paramagnetic salts have to be sealed air-tight
and cannot be heated because of their low stability,
but the proposed material KBaYb(BO,), is free from all
above problems. The chemical stability combined with
the excellent cooling performance renders KBaYh(BO,),
ideal for ADR applications.
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Figure 4. Cooling test using the prototype device
(inset) and PPMS.
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4. Perspectives )

The advantage of the current mainstream helium
refrigerator is that it can maintain a low temperature
for a long time because it can be continuously cooled,
and the disadvantage is the extremely complicated
structure and the need for the rare helium-3. On the
other hand, magnetic cooling has a simple structure and
does not require helium. Due to its simple structure, it
is also being considered for use in experiments at the
International Space Station [7]. The major drawback
is that continuous cooling was not possible, but recent
research and development is eliminating this drawback,
and it is expected that helium refrigerators will be
replaced in the future.

Our material in this research is a coolant with higher
performance than conventional materials and is stable
in the air. Therefore, it may be a standard coolant to
be installed in magnetic refrigerators that will become
mainstream in the future and to be widely used.
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