Adiabatic Demagnetization
Retrigeration

— External magnetic field ( B ) aligns ...

— Thermal disorder ( 7)) mixes up ...
=>
degree of order ( M ) depends on the ratio B/T
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Thermodynamics of Zeeman system: x =

k,T
+J nN
Partition function Z=[ ) e x”]nNA = [sinh(2J+1)x/sinhi]
s 2J 2J
g1ves
. S 0(T'nZ)
— Entropy S: R AT
=2 coth—— — <2J_H)Xcoth (2 +1)x + ln[sinh<2J+1)x sinh ™' =]
2J 2J 2J 2J 2J
— Heat capacity C:
C 2 2 2
Cp _ T<8(S/nR)) _ X _sinh ™ x (2J—I—12) X Sinh_z(ZJ—i—l)x
nR oT 'y 4J 2J 4.7 2J
.. k,T
— Magnetization AM: Nﬂu = #M = ]\?u (8(;122 )T = B,(x)
2J+1 2J+1)x 1 X
= th — —coth—
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High-T approximations

Often x <<1 (kT >> uB) so that it 1s safe to simplify

S J+1 >
L ~1n(2J+1)—
RS2+ -
Cp _J+1 >
nRk 3J
M J+1

3J
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( Entropy

All relations above, including molar spin entropy S, = S/n,
depend just on the ratio of magnetic field and temperature:

S,=S,(B/T)
The limiting value at high temperatures:

S — S

n, max
T — oo ’

= R In(2J+1)

| In adiabatic processes entropy remains constant => 1 can be
made to change 1n proportion to B. BUT entropy must differ
notably from its maximum value to begin with.

Cryocourse 2016 / Aalto University / Demagnetization refrigeration - J. Tuoriniemi

N e = —




T — s,

Internal magnetic field V N

The spins do not respond to external ——
magnetic field only, they also feel J=312 v
the weak fields of each other. Thisi1s B} -+

represented by the internal field b . m=+1/2 } 1B
m=-12 ————— } LB
m=-=3/2

Roughly speaking b ~ kT./u ,
where T, 1s the magnetic ordering temperature of the material

This adds quadratically to the external magnetic field:
B, ~\B*+b’

To have B, ,~ B, one must have rather small b
=> we are interested on materials with low 7.,
1.e. weakly magnetic materials
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Magnetic refrigeration

e Initial condition with low entropy S=S5,<S§, . (45/S,,.> 0.1)
has to be prepared by high field B,/ low temperature T,

1

* No other entropy in the system should be comparable to this
* The system must be made isolated (adiabatic); heat switch needed
* The magnetic field must be changed reversibly
=> corresponding change in temperature (B/1 = const.)
* The weaker the magnetic system, the larger B/T; 1s needed BUT

the lower final temperature 1s achievable, as B, ;, ~ b

* Cooling capacity depends on final field & moment strength
* When the cooling capacity 1s exhausted, the process has to
be repeated again (single cycle cooling)
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Fig. 9.1. Molar entropy of a single crystal of the paramagnetic salt CMN with
6F A e angular momentum J = 1/2 (Sect.9.4) as a function of temperature for magnetic

S.=HIn2 W fields applied along the cystallographic a axis. For the refrigeration process the salt

N

is first isothermally magnetized (AB), and then after thermal isolation adiabatically

:l_c demagnetized (BC). Eventually it warms up along the entropy curve at the final
5 demagnetization field, which is zero in the example shown. The heat of magnetization
i during magnetization is given by the rectangle ABDS«. The cooling power of the
n salt after demagnetization is given by the shaded area [9.4]
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Precool to point A: B,,=0, T=T, =
* Magnetize A — B,
remove heat O,z = T4S

Isolate the system, 4S5 = 0 thereafter
* Demagnetize B — C

* Use the capacity C — A, Oca = f T(—
QCA << QAB
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Conventional magnetic refrigeration

* Uses dilute paramagnetic salts (CMN, CPA, FAA, ...
e Easy initial conditions B,=1T and 7,=1 K are sufficient

* High cooling capacity remains also at B,,=0

* Temperature can be measured from inherent property: y = A/T
* Fast, demagnetization can be performed in few minutes

BUT

* Poor thermal conductivity limits heat transfer

* Difficult to mount samples (except liquid *He immersed
in powdered CMN salt; 2 mK can be achieved)

* Single shot cooling

Largely replaced by dilution refrigerators
Space applications are still developed
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Realizations

(a) paramagnctic salt

“Ha
bathat1.2 K

Elaborate schemes with
multiple stages producing
continuous refrigeration
from 4 K to mK-range
have been demonstrated

Magnetic Materials
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Adiabatic nuclear demagnetization

— Many 1sotopes carry a nonzero nuclear spin
— Very small moment, of order nuclear magneton

W= Gl e /1840 ~ 5.05-10 7 T/T

2m, m

n

= T.~pK ... uK

* Very low temperatures can be achieved
 Moments need not be diluted
I => good moment density (more heat capacity)
e Metals can (must) be used

— Good thermal conductivity

— Reasonable thermal contacts
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The Challenge (b) copper nuclear refrigerant
t
Small u => need very large B/T, EE:(
For example: (7,=10mK
B=6T
=> AS/S. = 5% for Cu i i

To maintain sufficient heat capacity, one cannot demag. to zero field
(for nuclear magnets b ~ 0.1 mT)

Usually B, ~10 ... 100 mT (limits achievable T})
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Possible material choices

Pure metal for sufficient thermal conductivity
Reasonable moment, high 1sotope abundance

No strong superconductivity or electronic magnetism
Spin lattice coupling has to be sufficient

Large spin may or may not be good

Candidates with ~ 100% abundance:

1sotope | w/u, 1 note

I 2TAl 3.64 | 5/2 SC, B, =10 mT, tolerable

©60Cu | 2.3 3/2
H35In | 5.5 9/2 SC, B. =30 mT, questionable

TV 514 | 7/2 SC, B,=0.1T, ruled out
’Nb 8.07 ' 9/2 SC, B.=0.2 T, ruled out
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Further requirement

* Cubic lattice or spin 1=1/2

All 1n all, CO!

0

otherwise electric field gradient at nuclear positions
may produce large quadrupole splitting (unless /= 1/2),
which contributes to b, possibly making it too large

For example, indium has tetragonal lattice, whereby the
quadrupole moment produces an effective field

b,~025T => demagnetization is limited to this

DET 1s the best choice

(aluminum might do in some cases)
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Thermodynamics (again)

* High temperature expansions are sufficient in most cases

Tompersturs, T[3K] ('E:’ = Fml )
J _|_ 1 2 10 ¢ 0-%1 ﬁ;ﬁ I:l'.5 : f‘ = 10 . a S0

—~ In(2J+1) — Wy a L EXYDE > D
nRk ( ) 6J * it | " P i :%mﬁbglr_ QDG/

L AR BT |
& ~ J+1 x2 = 2} / . \T= 10 mK-
nR  3J i i y \ | )

B % | :
M+ Yol l ‘
M,  3J 2 ;

a1 oz 0.4 1.0 2 o 20 4y 100
Tempsautuss, T [#&] B = 8 ! ) :
Fig. 10.4. Nuclear heat capacities as a function of temperature for Al (I = 5/2),
Cu (I =3/2), T1, Pt and Ag (I = 1/2) (however, remember that Pt contains only
33.8% of 9Pt its only isotope with a nuclear moment). The lower temperature scale

corresponds to heat capacity data in a magnetic field of 9T, the upper temperature
scale to data in a field of 7TmT
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( Cooling cycle

1) Magnetize to B; (1 ... 2 h), usually as quickly as the magnet permits
(large heat of magnetization, DR copes with it better, 7, ~ 50 ... 100 mK)

2) Precool to T; (one to several days)
nuclear stage (NS) size + efficiency of DR + quality of heat switch

3) Thermal 1solation of the nuclear cooling stage (15 min)
superconducting heat switch between the DR & NS made SC

4) Demagnetization to B, ~ 10 ... 100 mT (1/2 ... 1 day)
speed limit 1s set by losses due to eddy current heating

5) Thermalize the experiment (hours ... days)
6) Maintain the low 7T (days ... weeks)

7) Connect NS to DR (heat switch made normal by magnetic field) for
the next precool; GOTO 1)
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Precooling

Dilution refrigerator absorbs heat O = a T ?DR—Q :a =284n J/(mol Kz)
where ¢ 1s the background heat load
Base temperature without extra load is 7', =+/g/a
Thermal resistance of the link between NS and DR (heat switch in normal state)
is characterized by the coefficient R ~2 ... 20 K*W, giving
: 2 2
. 2RO =Ty~ Ty
The power () originates from heat of magnetization of nuclear spins

VA B’
sz—CBdTNS;CBZ >
I HO TNS

Precooling time to temperature 7 can be solved from these:

2 T+T ?
(1) = (2+2r) 28 (L0 1) o (Logp) LAE
a HOTO 2TO T_TO T a 3“0T
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Demagnetization

Change of magnetic field must be made as reversibly as possible
Losses may be assumed to result from

— constant background heat load ¢ xs . . .
: : e Qs =qnustYB
— induced eddy current heating ¥

where y=1V RRR/p, depends on el. resistivity and geometry

for a cylinder for a slab
I'=r?%8 I'=d?*/12

r w
wid >> 1
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Eddy currents

To reduce detrimental influence of eddy currents, the nuclear
stage must be constructed from thin filaments or slabs

2r or d ~ 1 mm or less

or

Filling factor should be good, but the slabs or filaments must be
insulated from each other (from the flat side)
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Optimum demagnetization

Best possible demagnetization in time ¢, has parabolic profile:

a = B1+Bf_\/4Ble+(q NS/Y)tz’m
b=2B—\4B,B,+(q \s/y)t}

B(t)=al(tlt,,) —b(tlt,,)+B, {

For example:  n.,= 100 mol )
d=2mm,w>>d } => y=10.6 Ws*/T?
RRR ~ 1000 }

gvs =10nW |  demag. time | profile loss A(B,/T;)/(B,/T;)

I B;=9T | t,; = 3 days | linear 1.2 % (too slow)
7.=10 mK 10 h linear 5% (reasonable)
B,=50mT / 10h parabolic | 3 % (fine)
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Thermalization process

Nuclear demag cools down the nuclear spin ensemble.
How does this couple to your sample?

Spin system has internal relaxation time 7, ~ 0.1 ... 10 ms (fast)

Energy exchange between nuclear spins and conduction
electrons 1s characterized by spin-lattice relaxation time 7,

metals obey the Korringa law: 1, =«/T,

typically x~0.01 ... 10 sK
when 7,~50uK => 7,~200s...200 ks >> 1,

THEREFORE T, # T,, conduction electrons may be much
HOTTER than the nuclear spins
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NMR equations

Thermal equilibrium can be analyzed in terms of NMR relations

Magnetization relaxes as: dd—]\tl = —TL(M M,)
1
with M :_]:SLIIMsatk fT; TLH
towards equilibrium M, = —13—+]1M » kul; TLe
= G )
Since d(clz’;T) = —#% & T,=«kl/T,
dT
= Cio(r-r,)
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Warm up relations

Heat loads typically burden the conduction electrons, which
eventually dump the heat to the nuclear spin system

Nuclei warm up as = '
P dt  Cy VABf,Q
T ' :
—> e:1+u°KQ2=1+.Q
L, VAB; 0,
2
where Qn: VAB,
| MoK

is the “characteristic load”, depending on the magnetic field B,
- T.~T, if 0O,
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Characteristic load

(R —
B,=50mT | N Bi‘
For example { ne,=100mol => Q,= ~ (0.7 uW
HoK
\ Kcu — 1.2 SK
For constant O T, decreases linearly:
de _ UOQ _ Q
dt VAB: KO
and so does T,!
ar,' 0, dr, 9,
dt  Q+Q, d  k(0+0,)
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Fig. 10.8. Temperatures, see (10.21), of the nuclear and electronic systems of Cu
after demagnetization. The data show the warm-up rates, see (10.26), for the given
molar heat leaks ()/n to the Cu refrigerant in a final field B = 7TmT [10.10]
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Lowest possible 7,

Conduction electron temperature cannot be made arbitrarily low

( Te’f:1-|-u0KQ T, HOKQ 1
{ r, f V?\Bif = Te)f o E<Bf+ VA Bf)
T = & 30 . : ,
n.Jf "B, < Bi, Ti=8T,5mK
This is at minimum, when ~ 200\ dQ/dt=0.1nW/mol -
MoK QO . *g o i
B, Al N Le. O, =0 g

Here 7,,=2T,; - L

n, 12 18 24

Magnetic field, B [mT]

This 1s impractically low field for most purposes

To maintain more heat capacity, field is usually kept larger
(mind also that 5 =0.34 mT for Cu)
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Heat leaks

Success or failure of nuclear demag 1s determined by heat leaks ...

* thermal conduction (support, electric leads, heat switch, ...)
— thermal anchoring 1s crucial

* thermal radiation (radiation shield at 7'< 1 K)

e remnant gas in vacuum space (py. < 1071° Pa)

* mechanical motion (pumps, boiling fluids, people, traffic, ...)
— big mass (several tons)
— flexible support (air springs, soft tubing, rubber fittings, ...)
* radioactivity & cosmic radiation
* clectric and magnetic interference
— passive & active shielding, filtering
* internal time-dependent heat leaks (e.g. H, ortho-para conversion)
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Cryostat support

High frequency Low frequency
break break

Rubber section
in tubes

-

Rubber isolation 5
Cryostat ——

Electric shield \
o
oo

Fig. 10.9. Schematic diagram of a support system for a nuclear refrigeration cryo-
stat. The cryostat is mounted on a concrete block (block A) supported by air springs.
On top of block A are placed two smaller blocks (only one shown, block B) resting
on thick pads of rubber which carry the wooden beams supporting the cryostat. The
pumping tubes are, firstly concreted, into a massive block on the laboratory floor, to
remove the vibrations of the pumps, secondly, taken through metal bellows, thirdly,
concreted into the main block A, and finally led via a rubber section to be fixed to
the sub-blocks B [10.10,10.36]

= .— S.s. bellow

Mechanical
pump

" .\0 ‘o ‘o

. ()

If’Air springs Block A Block B Stainless steel Booster pump and
bellows gas-handling system

Typically one achieves 10 ... 50 pW/mol
(best cases 5 ... 10 pW/mol)
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picokelvin installation at HMI in Berlin
(operational from 1992 to 1996)
Neutron diffraction on nuclear

spin ordering in silver

*He pot

Cotford 600 dilution
refrigerator

0C o NO thermometer
Heat switch; Al fioils

Pr-NMR thermometer

Refrigerant magnet; 9T

Nuclear cooling stage;
1.4 kg of Cuinfield

Raciation shields -

Thermal link; natural Ag

Polarization magnet; 7 T —,
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Refrigerating helium

Lancaster D 1 Weadiey
design: JLTP 57 359 (1984 )
.. [ -—epoxy support cylinder
NS inside | ‘ inner cell cooling link
helium .. to heat switch, ImmAg
4_—outer cell = (10f 6)
cell to ey | ‘ outer cell filling tube
|5 outer cell epoxy wall
overcome Wo \@ e
enormous - \ outer cell sintered Ag
. r N / cooling pad (1of 6)
Kapitza \& outer cell NMR thermo-
: \ & meter (Pt powder )
resistance % inner cell filling tube
between T NB R
liquid He o] | RS R e
cm : ;
& metal \K N (0 25mm)’
d N L
coolant 1 &\\\\\\\\\\% Viscometers
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Low-temperature records

Record-low temperatures have been achieved by operating two

nuclear demagnetization stages in cascade P
Lowest nuclear spin temperatures: f'“"m” —
— silver ~ 500 pK (Helsinki 1991) P |
—rhodium ~ 100 pK (Helsink1 1999) m:: 1=
Lowest conduction electron temperatures: ""”:5”,;?‘*‘::':'.,,, —Hr
—platinum  ~2 pK  (Bayreuth 1996) — " i
—copper ~5uK (Lancaster 1999) e L] _N
g P S EaECL
'l L“\ N IRElE S
BECT Ty IR
BETCo ey it
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