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antiquark bound state of one of the heavy quarks
u', d', s', or c' in our model.
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I have reanalyzed the thermal-relaxation-time experiments made by Beinstein and Zim-
merman on a mixture of cerium magnesium nitrate and solid He, which supposedly
showed a spin-spin thermal contact across the boundary. It has been found that some of
the assumptions made in the original interpretation are suspect. A new interpretation,
based upon a magnetic-field-dependent phonon bottleneck in cerium magnesium nitrate,
is presented.

A recent paper by Reinstein and Zimmerman'
described some measurements of the thermal re-
laxation time between powdered cerium magnesi-
um nitrate (CMN) and solid He'. The results
mere interpreted in such a way that the contribu-
tion to the thermal conductance across the bound-
ary between the paramagnetic CMN and paramag-
netic solid He' due to magnetic coupling was de-
duced. This is the same contribution that has
been of great interest for thermal contact be-
tween paramagnetic solids and liquid He' at very
low temperatures. ' ' lt will be a,rgued here tha.t
some of the assumptions used in the interpreta-
tion of the data are not valid. Briefly, these are
assumptions concerning the ratio of solid He' and
CMN heat capacities, the spin-lattice relaxation
time in solid He', and the magnetic field depen-
dence of the phonon bottleneck in CMN. It mill be

shown that when more realistic assumptions are
made, no information about the thermal boundary
resistance can be learned from the data. Instead
the data will be interpreted in terms of a magnet-
ic-field-dependent phonon bottleneck in CMN.

Reinstein and Zimmerman cooled an experimen-
tal chamber which had an upper space of volume
0.40 cm', filled 68%%uo by volume with 55-pm CMN
powder and 32%%uo with solid He' (23.9 cm'/mole),
and a lower space containing 2.15 cm' of solid
He'. The decay time for a magnetically induced
temperature difference bebveen CMN and the sol-
id He' was measured as a function of temperature
from 0.045 to -0.1 K, and in magnetic fields of
0, 55, 137, and 178 G. In addition to the solid-
He' experiment, measurements were also made
when the sample chamber contained liquid He'. '
Table I shows decay times, taken from smoothed
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TABLE I. A comparison of the relaxation times (in seconds) —see text.

Temp,
(mK)

Field
(G)

Measured
liquid He

Measured
solid He

Expected
solid He

Total
solid He

Limited
solid He

Incomplete
solid He

50

100

0
50

137
178

0
55

137
178

3
6
9.5

12
0.75
0.75(~)
1.3
1.6

3
5
7
8
0.75
0.9
1.2

7
14
34
45

3
5

16
23

3
5.5
7
7.5
0.75
0.7(P)
I.I
1.2

1.5
2
I
1
0.55
0.4(~)
0.25
0.2

3
5.5
7
8
0.75
0.75(?)
1.25
1.5

curves through the data, for both liquid He' and
solid He', at 0.05 and 0.1 K, and in fields of 0,
55, 137, and 178 G. Straight lines through the
points at 0.05 and 0.1 K on a log-log plot of decay
time versus temperature represent the data with-
in the scatter.

If the heat capacity (joules/kelvin) of the CMN

is C~ and of the He' is C&, and if the thermal re-
sistance (kelvins/watt) between the two is R, then
the thermal decay time is

r =R [C s C„/(C s +C„)]. (1)

The resistance was taken to be the sum of the
CMN phonon-bottleneck resistance (Rpa) and the
thermal boundary resistance (R ~aa). Thus,

w = (R pa +R Ta a) [C s Cs/(C s +C„)].
It was assumed that C&» C~. Hence the relaxa, -
tion time reduces to

T =(Rpa+RTaR)Cs=rpa+RTa, Cs,

where 7PB ls the phonon-bottleneck time in CMN,
Furthel more, lt was assumed that &Pp was inde-
pendent of magnetic field, as expected theoreti-
cally if the bottlenecked-phonon lifetime is field
independent, ' a.nd a,s shown experimentally by
Mess' for one sample in which the bottlenecked-
phonon mean free path was a small fraction of the
sample size. Thus, since C~ is field dependent,
the variation of the relaxation time 7 with field
enabled the thermal boundary resistance to be
measured. The measured thermal boundary re-
sistance was assumed to be due to two parallel
resistances: the usual phonon resistance (acous-
tic mismatch)' and the spin-spin resistance. ' The
two contributions were separated by an analysis
technique that used the temperature and field de-
pendence of the mea, sured thermal boundary re-
sistance. The values of the phonon thermal bound-

ary resi stivity were found to be

Pq = 5500/T' and 5700/T' cm' K W '

for the liquid- and solid-helium experiments, re-
spectively. These values are to be compared with
the theoretical acoustic-mismatch value of 150/T'
cm' K W ' for a CMN-liquid-He' interface (-40/
T' cm' K W ' for a CMN-solid-He' interface).
They are to be compared with a measurement, in
the same temperature range, for a single-crys-
tal-liquid-He' interface of 55/T' cm' K W ' and
with a value deduced for powder of the same size
in liquid He' of 3/T' cm' K W '.' Hence the val-
ue deduced by Reinstein and Zimmerman for the
CMN-liquid-He' interface is 35 times the theoret-
ical value (140 times for the solid), 100 times
that measured for a single crystal of CMN, and
-2000 times that expected for a 55-pm powdered
sample. It should be pointed out that measured
thermal boundary resistances are never greater
than acoustic-mismatch theory. ' ' The area cal-
culations could have been in error, but ha, rdly by
more than a, factor of 3 or so. Thus, in this ex-
periment the analysis and assumptions used pro-
duced an absurd result; in fact the usual phonon
thermal boundary resistance would have been
negligible compared with the phonon-bottleneck
resistance. The validity of some of the assump-
tions made in deriving Eq. 3 will now be ques-
tioned.

While for this experiment and previous similar
experiments involving CMN-liquid-He mixtures
it was true that the helium heat capacity was sig-
nificantly greater than the CMN heat capacity,
this assumption is not automatically valid when
the cell contains solid He'. In the temperature
range 0.05 to 0.1 K the heat capacity of the solid
is ( 1/o of that of the liquid. "'" Table II sum-
marizes the relevant heat capacities for the Hein-
stein and Zimmerman cell. The first two col-
umns for C& show the heat capacity of the liquid

540
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and solid He' in intimate contact with the CMN;
the third column shows that of the total solid He'
in the cell. The remaining columns show the heat
capacity of the CMN in magnetic fields of 0, 55,
137, and 178 G. It is seen that for the solid He',
CH ++ C s ls only even approximately valid pro-
vided that a/l the He' comes to equilibrium with
the CMN.

For the solid-He' experiment Eqs. (2) and (3)
should have included the He' spin-lattice thermal
resistance. While it appears that the spin-lattice
problem is not yet properly understood for solid
He', it is known that the relaxation time in the
temperature range below 0.2 K is of order min-
utes. " While in the upper space the presence of
the paramagnetic CMN may substantially reduce
this time, there is no reason to expect a reduc-
tion in the lower space which contains the bulk of
the solid He . With definition of this spin-lattice
time as T, and the associated resistance as R„
Eqs. (2) and (3) become"

(R PB +R TBR +Rs)[C ~ C~/(C ~ + C~)],

Cs C~ Cs
~PBC C

+ TBRC C +73C

(2a)

(3a)

Since Cs is not negligible compared to CH, all
three terms in Eq. (3a) are field dependent. RTqR
can no longer be uniquely determined from the
field dependence of ~ in the straightforward way
suggested by Eq. (3)."

Finally, the assumption that the phonon bottle-
neck in the CMN is .ield independent is questioned.
This reduces to the question of whether the mean
free path of the phonon is independent of frequen-
cy, since the bottlenecked-phonon frequency in-
creases with magnetic field. Now it happens that
for this powder in zero field, the mean free path
is equal to half the powder size.'"' Further,
the bottlenecked-phonon wavelength in zero field
is also equal to half the powder size. In a situa-
tion where the phonon wavelength is equal to the
mean free path and within a factor 2 also equal to

the powder size, it seems presumptuous to as-
sume that the mean free path will not change with

frequency.
In this section, first the liquid-He' experiments

will be analyzed and then an attempt will be made
to understand the solid-He' experiment. As shown
in Table II, the liquid in intimate contact with the
CMN has a significantly greater heat capacity
than the CMN. Also, the thermal diffusivity and
spin diffusion constants lead to short relaxation
times within the upper liquid He' (- milliseconds
for distances - 50 pm)." Thus the error in de-
scribing the relaxation by Eq. (2) will be small.
If the thermal boundary resistance is taken equal
to the expected value, then it can be neglected
(R yBg & 0.1%RpB)~ Hence the measured relaxation
time reduces to the phonon-bottleneck time in
CMN which then becomes field dependent. There
are several reasons why the mean free path of
the bottlenecked phonon may be frequency andjor
field dependent. For instance, it may be that
specular reflection is more likely as the wave-
length becomes a smaller fraction of the particle
size.

Given that the liquid-He' experiment determined
7'pp

&
then, for selected values of r„Eq. (3a) can

be used to estimate the relaxation time for the
solid experiment. Again R q~R will be neglected.
Several possibilities and their results are con-
sidered: (a) Assume that the spin-lattice time r3
is 100 sec. The results of substituting into Eq.
(3a) are shown as expected-solid-He' times in
Table I. The agreement with the measured-solid-
He' times is very poor. (b) Neglect 7', (i.e. v,
«10 sec). The results are shown as total-solid-
He' times. The agreement is good. One possible
mechanism for negligible He' relaxation time is
tha, t the energy does transfer from CMN to He'
via, spin-spin coupling, and then rea, ches the bulk
of the He via, spin diffusion. However, the spin
diffusion coefficient of solid He' is much too
small to allow this. " (c) Assume that the spin-
lattice time for the bulk of the solid He' is so

TABLE II. A comparison of heat capacities. t"z and Cs are the helium
and CMN heat capacities, respectively.

TeI11p,
(mK)

Upper
].iquid

&a
(pJ jK)

Upper
solid

Total
solid

Zero
field

Cs
(p.J/K)

55 6 137 6 178 6

50
100

3200
6400

350
180

33
8

205
51
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long that only the upper solid He' in intimate con-
tact with the CMN comes to equilibrium. The re-
sults are shown as limited-solid-He' times, and
the agreement is poor. (d) Assume that only S0%
of the He' in intimate contact with the CMN was
converted to solid. The results shown as incom-
plete-solid-He' times show good agreement at
both temperatures and all fields.

In summary, it is believed that the experiment
of Reinstein and Zimmerman did not show mag-
netic thermal contact between solid He' and CMN.
It would have been shorted by the usual Kapitza
resistance. It has been shown that the results for
the liquid- and solid-He' experiments can be ex-
plained by a field-dependent CMN phonon bottle-
neck, and for the solid experiment either incom-
plete conversion of liquid to solid or highly anom-
alous spin-lattice thermal relaxation in the solid
He'. lt should be clear from this analysis that
any future experiments should be made with a
homogeneous mixture of CMN and solid He', at a
sufficiently low temperature that spin-lattice re-
sistances and phonon thermal boundary resistance
are large, and with CMN powder dimension suf-
ficiently small that spin diffusion times are short.
The conditions are not too rigorous and the effect
is well worth looking for.
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