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The T — T* relation for ferric ammonium sulphate has been established between
0-1 K and 0:033 K by calibration against cerium magnesium nitrate.

The T—T* relation in ferric ammonium

sulphate below 01 K

R. Yee and G. 0. Zimmerman

In experiments involving adiabatic demagnetization it
is usually convenient to use the cooling salt as the thermo-
meter. This is done by measuring the magnetic tempera-
ture T* of the cooling salt which is defined as C/X where
C is the Curie constant and y the susceptibility after the
demagnetization corrections, which transform the actual
readings to those expected of a spherical sample, have
been applied. In spite of the fact that

FCNH4(SO4)2 . 12H20

ferric ammonium sulphate (FAS), is used as the cooling
salt in many instances, there is no agreement in the
literature on the T*-T relation of this salt below 0-1 K.
For this reason, we have attempted to determine the
relation below that temperature.

We have calibrated the magnetic susceptibility of FAS
against Ce;Mgs(NOs)1,. 12H,0, cerium magnesium
nitrate (CMN), down to 0-033 K. We have chosen CMN
as a secondary thermometer to measure the T*-T
relation below 0-1 K for FAS because it is well-known?
that for CMN the magnetic temperature 7* is equal to
the thermodynamic temperature 7 for temperatures
above 0006 K.

Simon and Kurti? have published data relating the
magnetic temperature 7%, obtained from corrected
susceptibility measurements, and the thermodynamic
temperature 7 for ferric ammonium sulphate down to
0-020 K. According to their data, there is a spontaneous
magnetic alignment at about 0-042 K. On the other hand,
Steenland, deKlerk, Potters, and Gorter3 have been able
to achieve temperatures as low as 0-030 K before observ-
ing a transition. Cooke, Meyer, and Wolf* have also
measured the T*-T relation for FAS using CMN as a
secondary thermometer. Unfortunately, the Iowest
temperature reached was only 0:045 K and consequently,
their work does not provide any additional information
on the transition temperature. In general, our results are

The authors are with the Physics Dept, Boston University,
Boston, Mass., USA. Received 11 November 1969,
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in agreement with Kurti and Simon, above 0-06 K. At
lower temperatures our data is in better agreement with
that of Cooke, Meyer, and Wolf 4 and Steenland, deKlerk,
Potters, and Gorter3 as far as no transition is observed.

Experimental procedure

The FAS salt was in the form of a cylinder measuring 1 in,
in dia. by 3'5 in. long, and containing 2 000 strands of
No. 39 copper enamelled wires. The FAS powder was
bound to the wires and held together by means of GE
#7031 varnish. The 2000 strands of copper wire
threading the salt, for temperature uniformity, were
brought out at one end of the FAS salt form and attached
to the CMN specimen, The CMN consisted of single
crystal segments of cerium magnesium nitrate arranged
to form a cylinder having its axis parallel to the ac
measuring field. The crystalline c-axis was oriented
normal to the ac measuring field. The segments were
arranged so that single layers of the copper wires were
interleaved between the CMN segments. GE #7031
varnish was used to cement the structure together.

A 45 Hz ac mutual inductance bridge, described else-
where,® was used for the susceptibility measurements
with an appropriate switching arrangement to alter-
nately connect the ac mutual inductance bridge to the
FAS susceptibility coil, or the CMN susceptibility coil.

Low temperatures were reached by adiabatic demagne-
tization from helium temperatures starting usually at
1-2 K, The magnetic field was produced by a supercon-
ducting magnet which was removed after demagnetiza-
tion to prevent interference with the susceptibility
measurements.

The general procedure was an initial adiabatic demag-
netization of the FAS and the CMN. After the FAS and
the CMN had come into thermal equilibrium and began
to warm-up, susceptibility readings were made alter-
nately on the FAS salt and CMN salt, These readings
were continued throughout the warm-up period until the
two salts reached liquid helium temperatures, that is,
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about 1 K. A typical warm-up time between the lowest
temperature and 1-2 K was about 10 hours.

At this point, helium exchange gas was introduced into
the vacuum can, and both the CMN and FAS calibrated
against the helium bath pressure between [-2 and 4 K.

Analysis and results

Since the sample of CMN used, weighing approximately -

2 g, was quite insensitive to susceptibility changes
in the liquid helium temperature range, it could
not be calibrated directly using the high temperature
susceptibility readings and the liquid helium bath vapour
pressure data. Instead, the high temperature suscepti-
bility data of the FeNH4(SO4);. 12H>0 salt was calibrated
against the vapour pressure of the helium bath. Extra-
polation of this temperature calibration for the lower
temperature FAS susceptibility readings was performed
using Curie’s law and the T*-T correction data, as given
by Kurti and Simon,? as well as using the proper shape
and packingcorrectionfactors.3The T*-Trelation of Kurti
and Simon for FAS was assumed to be correct above
0-1 K. Within the temperature range from 0-3 to 0-1 X,
temperature values could now be assigned to the suscep-
tibility readings of the CMN salt by using a linear inter-
polation of the FAS temperature scale, since the readings
for the two salts were taken sequentially.

In order to extend the CMN temperature scale to the
lower temperatures, a plot of the CMN susceptibility
readings versus the inverse of the assigned temperature
values in the temperature range from 0-3 to 0-1 K was
constructed, followed by a least square fit analysis to a
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Figure 1. T*—T relation for FeNH,(50,)..12H,0
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Table 1. Temperature T versus magnetic temperature T*

T T* T T
0-0338 0-0645 0-0451 0-0955
0-0340 0-0655 0-0474 0-0976
0-0335 0-0663 0-0490 0-0992
0-0328 0-0671 0.0497 0-1000
0-0328 0-0680 0:0497 01016
0-0339 0:0690 0:0509 0-1031
0-0343 00698 0-0528 01045
0-0350 0-0692 0-0549 01087
0-0372 0-0721 0-0556 01100
00373 0-0731 0-0571 0-1124
0-0370 0-0741 0-0583 0-1146
0-0371 0-0757 0-0583 01162
0-0374 0-0772 0:0625 01176
0-0377 00783 0-0664 01191
0-0378 0-0794 0-0677 01215
00382 0-0807 0-0694 , 0-1241
0-0382 0-0821 0-0741 01273
0-0382 0-0829 0-0783 0-1309
0-0392 0-0843 0-0817 01333
0-0404 10:0856 0-0860 0-1424
0-0412 0-0880 0-0873 01438
00418 0-0893 0-0866 0-1476
00417 0-0905 0-0872 0-1489
0:0421 00914 0-0952 0-1514
0:0432 00928 0-0964 0-1526
0-0432 00942

straight line. The resulting straight line represents, there-
fore, the Curie law for the CMN sample ; by extrapolating
this line, the temperature scale for the susceptibility
readings of the CMN salt could now be extended to the
lower temperatures.

-Finally, to obtain the T*-T curve of the T* values of
the FAS salt pill and the thermodynamic temperature T,
as obtained from the CMN salt, an interpolation pro-
cedure is used which is weighted according to the time
interval between successive readings. The resulting 7*-T
plot is shown in the accompanying figure along with the
data of Kurti and Simon.? The results of Cooke et al“ are
not shown since they agree with our data within the
scatter. Our results are similar to the results of Steenland,
de Klerk, Potters, and Gorter 3 in that no magnetic transi-
tion has been observed down to at least 0-033 K. Our
data does show, however, a weak anomaly at about
0:04 K suggestive of some sort of interaction, but hardly
as severe as the magnetic ordering transition given in the
data of Kurti and Simon. It may be possible that this
difference can be ascribed to the quality of the FAS salt
specimens. Our FAS was reagent grade, obtained from
Mallinkrodt. Chemical Works, St Louis, and was used
without any further purification. Experimental data
points unsmoothed, below 02 K are also given in the
table.

This work was supported in part by grant No. AF-
AFOSR 1117-60, US Air Force Office of Scientific
Research. We would like to thank Mr M. Taylor for his
help in the data analysis.
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