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Abstract. Solid ®He, in the bcc lattice between 34 and 100 bar, exhibits two nuclear magnetic ordered
phases in the sub-mK temperature range, the so called U2D2 low (magnetic) field phase and the “high
field phase” above 0.4 T. To determine the exact spin structure of these phases we started a project of
neutron scattering from the ordered solid in collaboration with the Hahn-Meitner Institute, Berlin, and
other European and US groups. For this experiment it is crucial to grow a single crystal within the sinter
needed for cooling the solid to temperatures of the order of 500 uK (or even twenty times lower in the case
of the hep lattice which is formed above 100 bar) and to keep it there long enough to measure a magnetic
neutron reflection. We studied the growth of crystals in Ag sinters of different pore size and with different
growth speeds to find an optimal way to obtain single crystalline samples. As a first diagnostic step we
performed pulsed NMR measurements in the ordered phases of solid ®He in a sinter of 2700 A particle size
down to temperatures of 450 pK at various molar volumes. We could keep the samples in the ordered state
for as long as 140 h. The second method we used was SQUID magnetometry. For the low field phase Tn
was indicated by a drop of the intensity, both in the NMR signal and in the dc magnetization, whereas
in the high field phase an increase of about 30% was observed below the ordering temperature. For the
fabrication of the sinters a packing fraction of 50% and subsequent annealing proved to be very favorable
to obtain cold ordered solid. Furthermore, we find that a paramagnetic surface contribution from a few
monolayers of *He exists down to 500 xK in addition to the bulk magnetization.

PACS. 67.80.Gb Thermal properties — 67.80.Jd Magnetic properties and nuclear magnetic resonance —

75.30.Kz Magnetic phase boundaries (including magnetic transitions, metamagnetism, etc.)

1 Introduction

The spin structures of the nuclear magnetically ordered
phases of solid *He, commonly denoted as low field phase
(Ifp) and high field phase (hfp) above 0.4 T, especially
of the latter one, are still not known exactly. While the
low field phase in bulk material most probably has the
U2D2 structure proposed by Osheroff et al. [1] with further
evidence added by Benoit et al. from neutron scattering
data [2], the spin structure of the “weak ferromagnetic”
high field phase is only inferred from its magnetization.
The theoretical description of the magnetic phase diagram
is based on multiple spin exchange processes which lead
to competing quantum mechanical exchange interactions.
Three and four spin exchange is favored in the dense lat-
tice (bece structure below 10 MPa and hep structure above)
since two particle exchange requires too much deforma-
tion of the lattice. Although this theory has been worked
out in a very elaborate way by Roger et al. [3], quanti-
tative details of the experimental phase diagram [4] are
still not reproduced. To clarify experimentally the spin

# e-mail: eschuber@ph.tum.de

structures of the two phases in the sinters needed for
cooling and adsorbing the heat released from the neutron
absorption in *He, we started neutron scattering experi-
ments in collaboration with the Hahn-Meitner Institute in
Berlin and other European and US groups [5], ultimately
to reach even the high pressure hcp ordered phase below
20 pK [6]. For more information see the feasibility study
by Siemensmeyer et al. [7]. The present status of this col-
laboration and first results will be published elsewhere.
Crucial requirements for neutron scattering from solid *He
are that a single crystal can be formed in the sinter and
that the sample remains in the ordered state long enough
to perform neutron scattering experiments. Also it has to
be considered that possibly in the small pores of a sinter
solid ®He orders differently than in the bulk. In 200 A solid
3He clusters, for instance, Matsunaga et al. found a tran-
sition very different from U2D2 [8]. Results of our pulsed
NMR measurements on solid *He in a nominally 700 A
sinter in the low field phase have been reported in parts
before [9] and they are completed here. The most remark-
able feature was that the intensity of the NMR Larmor
line decreased to nearly zero in the U2D2 phase. A line
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splitting, although not as distinct as in Osheroff’s work [1],
indicating a sample with some favorable oriented crystal-
lites could be observed but also with very low intensity. We
wanted to check if the low NMR intensity reflects the true
magnetization of the ordered solid with an independent
method, the dc magnetization measured with a SQUID
magnetometer. By varying the sinter fabrication and the
crystal growth times we tried to find the optimal way to
grow single crystals in sinters.

2 Experiment

The NMR setup can be found in our previous publica-
tion [9] and only a short description is given here. The
NMR H; (and pickup) coil was wound around a cylindri-
cal Ag sinter which was pressed around a central cooling
rod, also made of Ag. This arrangement was immersed in
a pressure cell body, also filled with Ag sinter with a total
volume of 0.8 cm®. The cell was attached to the nuclear
cooling stage and mounted in the center of an 8 T su-
perconducting magnet. Pulsed NMR measurements were
performed at frequencies between 200 kHz and 1 MHz
where the expected line splitting occurs most favorably.

The dc magnetization was measured with a homemade
rf SQUID detection system, see e.g. [10] consisting of an
astatic pair of pickup coils with 6 mm inner diameter into
which the extension of a pressure cell was mounted. This
extension was filled with initially 700 A silver powder
which was pressed and annealed in different ways. The
solid *He inside the pickup coil is cooled through this sin-
ter. The cell body itself was again cooled by a Ag rod
coming from the nuclear stage. Our silver is all of 5 N
purity and usually annealed at 800 °C. The cell design is
shown in Figure 1.

Cooling was provided by a 0.9 mole PrNis nuclear de-
magnetization stage whose temperature and warm-up be-
havior after demagnetization, see Figure 2, was monitored
by pulsed NMR on the %3Cu isotope in a high purity Cu
sample screwed to the nuclear stage. Here a measuring
field of 45 mT was used, big enough that the two Cu iso-
tope lines are well separated in the spectrum. The pulse
interval was 4 h, long enough to ensure full recovery of the
Cu nuclear polarization and of the solid equilibrium tem-
perature. From the warming rate below 1 mK and know-
ing the specific heat capacity of our nuclear stage [11], we
calculated the warming under neutron irradiation of the
Berlin pressure cell which is attached to a nearly iden-
tical nuclear stage. This simulation gave a time interval
of the order of 30 min during which the solid *He sample
should stay in the ordered phase, long enough to search for
the expected (1, 0, 0) reflection of the U2D2 phase once
the crystal orientation is found at high temperature. The
faster warming in Figure 2 after 160 h is due to additional
external heating.

2.1 Sinter preparation

In principle the sinter should be as dense as possi-
ble to absorb as much heat as possible from the decay
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Fig. 1. Drawing of pressure cell (Ag) with extension to fit
into SQUID magnetometer and with capacitive Straty-Adams
transducer. The extension was filled with different sinters made
from initially 700 A powder.
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Fig. 2. Temperature of the nuclear stage after demagnetiza-
tion, determined by pulsed NMR on %3Cu. The residual heat
leak is 7 nW, the faster warming after 160 h is due to external
heating.

products of the neutron capture reaction (proton + tri-
ton). So we started with a “Pt black” powder with 100 A
particle size. But solid *He would not grow in it homo-
geneously and therefore our sinters were all formed from
700 A “Japanese powder” under different pressures which
of course gives different packing fractions. According to
our previous experience, pre-sintering at 120 to 130 °C
gives good results for thermal conductance of the sinters
and so we used pre-sintered powder only. Further heat
treatment was done only for one SQUID measurement, in
the other cases especially in the NMR part of this work
the sinters were used as pressed initially.

The determination of the specific area of our sinters
gave 5.2 m?/cm? for the pre-sintered nominally 700 A
powder and 3.3 m?/cm?® for the annealed sinter #3 in
the SQUID cell, both with 50% packing fraction. A sim-
ple estimate, assuming that for a packing fraction of 50%
half of the cell volume is filled with spheres of radius r and
that 20% of the surface area is lost due to contact regions,
gives about 15 m?/cm® nominal specific area for 700 A
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Table 1. Properties of the sinters which were used for the
SQUID magnetometry. All powder was “pre-sintered” in vac-
uum at 130 °C for 30 min before pressing.

Sinter # 1 2 3 (Annealed
@ 142 °C)

filling factor  40% 70% 50%

pore size 2700 A 2700 A 4200 A

specific area 4.2 m?/cm® 7.2 m?/cm® 3.3 m?/cm®

particles. 5.2 m?/cm® would be reached with 2700 A
spheres, and 3.3 m?/cm3 is provided by 4200 A ones. So,
obviously, in our presinter process we cluster the 700 A
particles to 2700 A ones. The additional annealing of our
third sinter increases this value to 4200 A. The first sinter
with 40% packing fraction had additionally large empty
regions so that large parts of the solid did not become cold
and ordered. The second sinter with 70% packing fraction
was pressed too tight so that solid was not well formed
inside and no useful results could be obtained. Finally,
the third sinter with 50% packing fraction and annealed
finally was most suitable for obtaining cold and well or-
dered solid. Table 1 lists the properties of our different
sinters.

2.2 Crystal growth and thermometry

We performed several runs with the attempt to grow a
single crystal in the sinter, all with the blocked capil-
lary method, starting at slightly different pressures around
5.5 MPa at 4.2 K, see Figure 3. The final pressures
ranged from just above the melting curve (3.44 MPa,
24.24 cm? /mole) to 4.158 MPa (23.4 cm® /mole). Figure 4
shows the observed transition temperatures in our NMR
work along with the phase diagram at different molar vol-
umes as given by Fukuyama et al. [12]. They all fit excel-
lently into this diagram, not only in the high field phase,
measured by NMR in 0.44 T, but also in the low field re-
gion where data points are missing in Fukuyama’s work.

The temperature of the solid inside the sinter can be
determined only above Tn.; by applying a Curie-Weiss
law, or modifications of it (see below), to the magnetiza-
tion measured by NMR (relative to a calibration point
around 20 mK where our main carbon resistor is cali-
brated), or by the SQUID magnetometer. In the latter
case the extrapolation to T' — oo gives M = 0, another
calibration point. This is much less reliable in the NMR
case due to background problems at higher temperatures.
Below Ty the temperature of the ordered solid can only
be calculated. We applied a three-stage model to calculate
the sinter temperature and finally the solid *He temper-
ature from the known temperature of the nuclear stage.
The crucial point here is the knowledge of the Kapitza
resistance between sinter and solid which can be indepen-
dently determined from thermal relaxation measurements
at several temperatures above 1 mK which we obtained
by stopping the demagnetization and monitoring the cool-
ing of solid *He towards the nearly constant nuclear stage
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Fig. 3. Crystal growth of solid ®He with the blocked capil-
lary method in the annealed sinter. The pressure drop around
100 mK is due to solid formation in the heat sink closest to
the cell.
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Fig. 4. B — T phase diagram at various molar volumes af-
ter Fukuyama et al. [12]. The dash-dotted lines indicate their
scaled phase boundaries at low fields. Our proposed transi-
tion lines at the molar volumes used in this work (dotted and
dashed lines) are shown together with our observed transition
temperatures (large open squares).

temperature. The temperature of the solid during the re-
laxation is taken from its magnetization which in turn is
determined under equilibrium conditions by the SQUID
magnetometer. Together with the heat capacity which we
took from Greywall’s work [13] Rk (T) is obtained from a
numerical fit to the respective cooling curves giving a T de-
pendence already within one curve. In summary it turned
out that the Kapitza resistance for all sinters followed a
T~2° law (with only small variations of the exponent)
which we then extrapolated to our lowest temperatures.
This calculation gives very plausible warmup curves even
around Ty where the heat capacity diverges, see Figure 12,
and we believe that the temperatures determined this way
are correct to about 10% throughout the measured tem-
perature range, becoming better than 2% around 10 mK.
In fact, the perfect match of our transition temperatures
to the Fukuyama diagram shows that the error is probably
much less than this conservative estimate.

3 Results

The pressures in the solid *He NMR cell ranged from
3.501 MPa to 4.158 MPa corresponding to molar volumes
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Fig. 5. NMR line splitting in the nuclear ordered state of solid
3He in 29.36 mT. Only two lines at the high frequency side of
the Larmor line are found. No other He lines occurred in the
frequency range from 200 kHz to 3 MHz. The triangles show
a scaled line (to match the maximum) from the paramagnetic
phase for comparison, the dotted lines are guides to eye to
indicate the split line components.
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Fig. 6. NMR intensity of the solid 3He Larmor line vs. the
cell temperature at 2 different molar volumes: 23.4 cm®/mole
(open circles) and 24.15 cm®/mole (filled squares). The Neel
temperatures, given by the steep rise are 0.52 mK and 0.87 mK
respectively, see also Figure 4.

of 24.15 cm?®/mole and 23.4 cm?/mole respectively. With
fast growth times below 2 h no line splitting could be
detected, only a slow growth holding the sample at the
melting curve for 6 h resulted in the line splitting shown
in Figure 5. But still the intensity of the signal was very
low, only 2% of the amplitude just above Ty, see Figure 6.
In the high field phase an increase of the NMR intensity
in the ordered state is found, see Figure 7, as is expected
from previous NMR data [14] and in agreement with mul-
tiple spin exchange theories [3] which predict a “canted
antiferromagnetic” state with just this magnetization.
SQUID magnetization signals were measured in sev-
eral sinters and with several solid *He samples. The fi-
nal pressures in the SQUID experiments were around
3.44 MPa within a limited range of molar volumes around
24.24 cm?® /mole, the molar volume at the melting curve.
In the first two sinters which were not heat treated, the
nuclear ordering to the low field phase could hardly be
reached, in fact only in one case with a multiple step de-
magnetization procedure. In this case, the ordering was
incomplete and precise data on the magnetization could
not be obtained. Only after heat treatment of the third
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Fig. 7. NMR intensity of solid >He vs. the cell temperature
in the high field phase showing an increase of magnetization
below the critical temperature of 0.90(2) mK. The magnetic
field was 0.44 T, the molar volume 23.4 cm®/mole.
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Fig. 8. Contribution to the magnetization background from a

few layers of solid around the sinter particles of sinter #3. This

surface layer was not removed by cryopumping on the cell at

4.2 K for 12 h. Its proportionality to T~ ' below T shows that

this *He is not in the ordered state.

sinter the magnetization of the fully ordered solid could
be determined.

The background magnetization of the nominally 700 A
Ag powder proved to be a major problem since its magne-
tization by far dominated the total signal. Therefore, the
background had to be determined very accurately in each
run for subtraction. Fortunately, for the empty cell it was
essentially flat below 2 mK in 18.5 mT field (our measuring
field) and variations below this temperature were only due
to the bulk solid signal. With the third sinter, we observed
a variation in the ordered state which was proportional to
1/T and which thus reflected a Curie law. By loading the
surface with about three layers of 3He at 4.2 K, we could
see that this signal reocurred, see Figure 8, and that it
must come from a few layers of solid at the surface which
do not participate in the U2D2 phase formation. A similar
contribution but with no explicitly measured 1/T" depen-
dence was also noticed by Hata et al. [15]. Usually, the
first three layers tend to be ferromagnetic, however, due
to frustration effects a nearly paramagnetic T-dependence
was found by Biuerle et al. for *He on Grafoil down to
even lower temperatures than ours [16]. As for the silver
sinter magnetic background signal, a Brillouin function fit
yielded the best result with a J = 5/2 electronic magnetic
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Fig. 9. Inverse magnetization of solid *He in sinter #1
vs. temperature at two different pressures, molar volumes
23.60 cm®/mole and 23.96 cm®/mole. The ordered phase is
not reached here, only a small part of the sample is cooled
through T'n as indicated by the fat dashed lines. The Weiss
temperatures of —1.5 mK (upper part) and —2.0 mK (lower
part) reflect the different ordering temperatures for the differ-
ent molar volumes.

moment in a concentration of about 12 ppm, probably
from Fe or Mn impurities.

These contributions were finally subtracted from our
raw data. The results for the dc magnetization of solid
3He in 26 mT at two different molar volumes are shown
in Figure 9. In this figure several features are remark-
able: in the first sinter with a mean packing fraction of
40% the ordered phase could not fully be reached. We
assume a pore size distribution ranging from 2700 A to
macroscopic pores in this sinter. For the latter we have
indications because when the sinter was drilled out of the
cell, hollow portions of it were detected. Then the slight
upward bend of the inverse magnetization in the figures
obviously stems from solid pores well coupled to the sin-
ter and cooled through T . The ordering is however by far
not complete (compare Fig. 11) and the solid in the big
pores remains above T. Above 4 mK both data show a
Curie Weiss law with a negative Weiss constant of about
—2.0(5) mK, consistent with the observed ordering tem-
perature of 0.9 mK. Both in Figures 9 and 11 the inverse
magnetization between 1 mK and 3 mK deviates from the
Curie-Weiss law showing a pure Curie behavior. The ori-
gin of this is not clear at the moment. Finally, Figures 10
and 11 show the data in the completely ordered state taken
in the heat treated sinter #3. Now the sample remained
in the ordered phase for 90 h and reached full thermal
equilibrium after some 5 h, see Figure 12.

In the NMR case a 47% packed sinter, unannealed,
was used which allowed cooling into the ordered state but
with long time constants. Probably again, no well ordered
(although cold) solid was obtained and thus no distinct
splitting of the NMR lines. A broad distribution of crys-
tallites can also lead to a broad distribution of split lines
which then disappear in the background.
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Fig. 10. Normalized magnetization through the nuclear order-
ing transition of solid *He vs. inverse temperature in sinter #3.
The pressure was just above the melting pressure, molar vol-
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Fig. 12. Calculated solid *He temperatures for the data of
Figures 10 and 11 vs. time after the end of the demagnetization.
The initial plateau and the one between 70 and 90 h are due
to the latent heat at the first order phase transition from the
paramagnetic to low field phase and out of it respectively.

4 Discussion

In both the NMR cell and the SQUID cell, the most suc-
cessful attempt to grow “good” crystals was to stop the so-
lidification just after reaching the melting curve and then
to continue slowly (6 h) to obtain full solidification and ad-
ditionally 4 h to cool the sample to mK temperatures. The
final cell pressure was always somewhat below the value at
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which the sample left the melting curve, see Figure 3. The
drop around 100 mK is obviously due to recrystallization,
or cooling of solid 3He in the heat sink of the filling line
since it coincided with the drop in temperature of the final
heat exchanger as the phase boundary wandered through
it during startup of the dilution refrigerator. This had to
be taken into account for the initial pressure in the cells.

Our dc magnetization results show the expected de-
crease of the solid magnetization in the low field ordered
phase, consistent with the U2D2 spin structure. Compared
to previous measurements of Hata et al. [15] we observe
the same drop down to 40% of the maximum magnetiza-
tion. The antiferromagnetic exchange interaction tends to
order the spins perpendicularly to the external field and
the longitudinal magnetization should drop to zero, but
the torque of the external field adds a component along
its direction. In Roger’s original work [3] this parallel com-
ponent is given by the strengh of the ring exchange contri-
butions in relation to the external torque of the magnetic
field on the sublattice magnetization. A drop to 40% of
the maximum magnetization is fully consistent with the
ring exchange parameters used by Roger et al. to con-
struct their magnetic phase diagram and thus with the
U2D2 structure.

The plots of M~! vs. T and of M vs. T~ show a
Curie-Weiss law between 10 mK and 3 mK with a small
Ow of —2.0(5) mK, consistent with the antiferromagnetic
U2D2 state. Why there is a pure Curie dependence
between 3 mK and 1 mK is not clear at present. There is
also the unresolved question why the NMR intensity dis-
appears even when the line splitting indicates a crystalline
structure, at least to some extent. We also were not suc-
cessful in finding the antiferromagnetic resonance around
880 kHz expected for the U2D2 ordered structure [1] or
other split off lines, but this can be due to the fact that
the sample consisted of a variety of crystallites in this
case. Also our line splitting does not comply with the sum
rule 2?21 cos? a;; = 1 required for a single crystallite with
3 domains [1]. As for the growth and cooling *He crystals
for neutron scattering experiments, our present result
with the annealed third sinter gives us some encourage-
ment that with even slower growth and cooling rates, a
single crystal with a small number of magnetic domains
can be grown which is suitable for this purpose. Indeed,
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the Berlin group was successful in finding sharp structural
reflections with similarly grown samples. Cooling into the
ordered states has still to be done there.

We gratefully acknowledge financial support from EU, con-
tract HPRN-CT-2000-00166. And we thank Prof. R. Gross of
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project.
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