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is negative for some values of the applied field. Thus,

both terms in Eq. (7) must be used, or else the power
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'3In order to compare the theoretical and experimental
intensities, it was necessary to consider that, for the
same mode, the experimental and theoretical linewidths
were different and that the linewidth changed with order
number. Thus, all intensities were normalized to the
main line and multiplied by b H„/&HO.
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Magnetic specific heat and susceptibility measurements have shown that Na3f. Ce(CVHS"
NO4) &]

~ 15H20 has extremely weak effective spin-spin interactions, suggesting that this
material may be a useful alternative to cerium magnesium sitrate for very low tempera-
ture thermometry.

Since the original work on cerium magnesium
nitrate (CMN), more than eighteen years ago, "
the method used almost exclusively for determin-
ing temperatures below 100 mK has been to mea-
sure the susceptibility of a CMN thermometer.
To a good first approximation this obeys Curie's
law and the magnetic temperature T*= &/)( is
close to the true temperature T, where y is the
susceptibility and A. is the appropriate Curie con-
stant. ' However at the lowest temperatures de-
viations from Curie's law become increasingly
important and there has been a considerable
amount of controversy over the proper T-T~ re-
lation under different conditions. In particular,
there has been much discussion of the effects of
using powdered CMN and nonellipsoidal sample
shapes, the most common being a right circular
cylinder with length equal to diameter, and even
for the case of a single-crystal sphere there are
significant discrepancies in the T-T* relation
for T(3 mK. 4 ' It is clear that another salt
which closely follows Curie's law at very low
temperatures would be quite valuable, either for
establishing a more reliable scale for CMN or as
a thermometric substance useful in itself. In
this Letter we report the first results for a sub-
stance we refer to as CDP, a promising new
material of this kind.

CDP denotes "cerium dipicolinate, "which is
our abbreviation for trisodium tris-(pyridine-2,
6-dicarboxylato) cerate (III) pentadecahydrate,
Na, [Ce(C,H,NO, ),] ~ 15H,O, one of a large class of

complex organic rare earth salts whose struc-
tures have recently been studied by Albertsson. "
Many of these are magnetically very dilute with
atomic volumes V, close to 1000 A'jrare earth
ion, so that one would generally expect quite
weak interactions between the magnetic ions.
We chose CDP specifically for three main rea-
sons: (i) All cerium isotopes have zero nuclear
spin, so that there is no complication from the
hyperfine structure; (ii) Ce" ions, with only one
4f electron, have relatively weak magnetic mo-
ments which should further reduce the magnetic
interactions; and (iii) CDP is readily prepared
and is reasonably stable. These are the same
considerations which first led to the work on
CMN' but in CDP we have the additional advantage
that the average spacing between the Ce" ions
is some 16% larger while the mean square mo-
ment turns out to be some 319o smaller, with the
result that the effective spin-spin interaction is
only about one half of that found for CMN.

To obtain a quantitative estimate of the inter-
actions in CDP we have carried out two types of
experiments: (i) a measurement of the magnetic
specific heat C~ in the region of 1 K using the
Casimir-du Pr(t relaxation method, "and (ii) a
preliminary study of the susceptibility down to 50
mK using a Hes-He dilution refrigerator and a
CMN thermometer. Some additional adiabatic
demagnetization experiments to very low temper-
atures were also carried out.

For relaxation specific heat measurements one
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requires a single crystal and this mas grown
from aqueous solution as described in detail
e sewhere, " The crystals grew in the form of
small (-0.2 g) flat, yellow platelets which efflo-
resced slowly on exposure to the atmosphere,
Coated with a grease such as Apiezon N or an
oil such as Apiezon J or liquid paraffin, the
could be kept indefinitely, The usual care had to
be taken to prevent dehydration by exposure to
a vacuum at room temperature,

ex'" '
Since the crystal structure of CDP xs quite com-

p ex, '" it was impossible to predict the optimum
orientation for the relaxation mion measurements,
and an empirical study of the anisotropy had to
be undertakenr aken to find the maximum susceptibility
axis. Conveniently, this turned out to be very
nearly perpendicular to the (010) face of the
room-temperature structure, i,e. , the most
prominent flat face of the crystals, and all single-

ere ore made alongcrystal measurements were theref d
this perpendicular direction.

The Casimir-du Prd method for determining
magnetic specific heats" involves measurin the
field de ependence of the adiabatic susceptib'lity

uring e

X~, and for this we used a mutual inductance ap-
paratus similar to that of McKim and Wolf. "
In zero dc field X, is equal to X~, the isothermal
susceptibility, and measurements of th in the
helium range gave a law of the expected form

quency ~ such that 1/T, «&u «1/Tm, where T,
and T are the spin-lattice and spin-spin relaxa-
tion times, and it is also necessary for the mea-
suring field h to be very much smaller than H, ."
These conditions were found to be well sat' fied
in our case by using ~ =210 Hz at T= 1.43 K

Oe. Figure 1 shows the results for the varia-
ion of X~ with H under these conditions, for dc

fields up to about 300 Oe. It can be seen that
there is a rapid decrease at quite low f lds, in-
dicating quite clearly that the interactions are
indeed very weak. The solid line shows the fit to
Eq. (2) which gives H, = 25.7 + 0.6 Oe and X«
= 0.011+0.004 emu/mole.

The result for H,. may immediately be related
to the coefficient b in the usual "h h"-tzg - empera-
tu're series expansion for C„/R =b/T'+
where R = Nk~ and N is the number of magnetic

~ 0.20)ions. For CDP this gives b =AH. '/R = 2 31
This value may be compared with the

corresponding coefficient for CMN, which has
been determined by several investigators' to

lated on the basis of magnetic dipole-dipole

magnetic specific heat of CDP is about one third

Xr = 7/T+ Xvv)

with no significant higher order terms in 1/T.
The temperature-independent tn erm X«was
-0.011 emu/mole, consistent with another esti-

e uric constantmate to be discussed belom. Th C
x was 0.285+ 0.010 emu K/mole which corre-
sponds to an rp d o an rms g value perpendicular to the
crystal plate of 1.74+0.04." This was subse-
quently confirmed by ESR measurements'~ which
gave (g~')'" =1.73 +0.03.

In the presence of a dc field H, the ad' b t
susceptibility of a material which follows E . '1
is given by"
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1+a'/a '
where H, '=C T',~

,,
' = C„T,X. For a system such as CDP

the only contribution to C„ is expected to arise
rom the effective spin-spin coupling, and H,. thus

gives a convenient measure of the strength of the
interactions which mill ultimatele y gave rise to de-
viations from Curie's Iam at very low tempera-
tures.

To measure X~ one must use a measuring fre-
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Flo. 1. Var iation of differential susceptibility p'
with applied dc field H, for CDP at 1.43
surxng requency of 210 Hz. Circles are m
values avera

are measured
s averaged for +H (to eliminate the effect f th
's e &; the solid line is the calculated variation,

Eq. (2), with Xr =0.207 emu/mole, X =0.011 e
and H) =25.7 +0.6 Oe.

emu mole,
e. This corresponds to a magnetic

specific heat constant 5 =2.31+0.06 K2
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of that of CMN, and we can conclude that CDP
is indeed a competitor with CMN for very low-
temperature applications.

In comparing the two materials it is of interest
also to consider the relative volume susceptibil-
ities, since these enter into demagnetizing cor-
rections and thus the whole problem of shape
effects in nonellipsoidal powder samples. For
this purpose we require the average Curie con-
stant per unit volume, (A. Y), which can be calcu-
lated from the rms g value averaged over all
directions, (g ), and the atomic volume, V, .
The latter is known from x-ray structure' and
(g*) can be calculated from the ESR results. "
The corresponding values of (A„) are shown in
Table I which also contains a number of other
useful parameters describing CMN and CDP,
including the density p and the separation between
nearest neighbors, r„„. It can be seen that (A. v)
for CDP is some 55% smaller than for CMN, in-
dicating that demagnetizing corrections should
also be less important by this factor.

To study the usefulness of CDP under actual
low-temperature conditions, we compared the
susceptibility of a powdered cylindrical sample
(length = diam = 1.25 cm) with a similar sample
of powdered CMN using copper wires and Apiezon
4 oil to establish thermal contact. In the first
experiments we attempted to isolate the two sam-
ples and to achieve low temperatures by adiabatic
demagnetization, but the extremely Iow heat ca-
pacity combined with the relatively large heat
leak in our apparatus and the irreversible heat-
ing due to the anisotropy in the powders made it
impossible to obtain reliable results. We there-

fore connected the two samples thermally to a
some what larger sample of chromic methyl-
ammonium alum (CMAA) to provide a more stable
heat. sink. ' With this arrangement we were able
to establish equilibrium between the two samples
down to 50 mK, and we were able to show that
TGMN~=TcDP* to within 2% in this range. This
sets an upper limit of 4 mK on any possible Curie-
Weiss ~ for DCP, but on the basis of the specific
heat measurements we might expect the actual
value to be considerably less than this. "

%e have so far been unable to establish thermal
equilibrium below about 50 mK, but an indication
of the very low-temperature behavior could be
obtained from the values of T* observed for the
two salts immediately after demagnetization.
Thus, for example, starting from an initial field
of 10 kOe and a temperature of -0.8 K, we found
magnetic temperatures Tc»*= 3.4 mK and T cop*
= 3.15 mK, and this again suggests that CDP has
somewhat weaker spin-spin interactions than
CM¹

It is clear from all this that a detailed study of
the Iow-temperature properties of CDP is now
called for . It is to be hoped that this will con-
firm in detail our present conclusions that CDP
is at least as good as CMN for millikelvin ther-
mometry, with the additional advantage of smal-
ler demagnetizing corrections because of its
weaker volume susceptibility. The unusually
small magnetic specific heat which we have ob-
served indicates that the effective spin-spin inter-
actions are smaller by almost a factor of 2 and
it is therefore reasonable to expect that CDP
will obey Curie's law down to about 3 or 4 mK.

TABLE I. Magnetic and structural parameters of CDP and CMN.

[A /(Ce~+ iou)1 (A) (g/cm ) (emu/mole) (g )
(A) yg, b

(emu/cms) (Oe) (10 8 K )

916
593

9.00 ' 1.75 '
511 2 14b

0.285' 1.57' 2.67x10 40 25 Vh 2.31h
0.315 2.26 5.95 x 10 g 41.1 6.4

'Calculated from room-temperature x-ray structure (Ref. 9) .
b Calculated from room-temperature x-ray structure (Ref. 1).

Measured perpendicular to crystal plate, i.e., perpendicular to the (010) face of the
room-temperature structure (this work) .

Measured perpendicular to c axis (Ref. 1).
Mean square g value averaged over four inequivalent sites and all directions (after

Ref. 15).
Mean squareg value averaged over all directions (after Ref. 1).

6Curie constant per unit volume for powder, calculated from (X„)= (g2) ps /4b&V, .
This work.
Calculated from b =AH» /It (after Ref. 6).

' Best estimate from several determinations (after Ref. 6).
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There is a surprisingly large spread in the values
of 5 for CMN reported in the literature {Befs.4-7).
Many of the discrepancies may be due to the neglect
of higher order terxns in the expansion of Cz in the
analysis of very low-temperature data, but the spread
probably also reflects the great difficulty in measur-
ing such a small specific heat. This problem will be
even worse for CDP.

Because of the complicated cxystal structure (Refs.
9 and 12) it is not possible at this time to compare the
value of b for CDP with that calculated on the basis of
magnetic dipole-dipole coupling, as was done in the
case of CMN (Ref. 1); but it would seem clear that this
must again be the dominant mechanism, and the result
for b does in fact correspond to the order of magnitude
one might expect.

Details of the final arrargement used are given by
J. C. Doran, thesis, Yale University, 1971 (unpub-
lished), which also includes a description of the mutual
inductance coil system used to measure the susceptibi-
lities of the two samples.

This can only be a qualitative statement based on the
single fact that 5 is proportional to the sum of squares
of the individual interaction parameters, while 0 is
propoxtional to the sum of (positive and negative) inter-
actions. A more quantitative theoretical analysis would
require knowledge of detailed crystal structure (but see
Ref. 12) and also the relation of the different g-tensor
axes to the crystal axes.

This qualitative conclusion ignores the difference in
anisotropy of the two materials. For CMN the g values
range from 1.84 to & 0.2, while for CDP they range
from 1.78 to 0.67 (Ref. 15) . It is not immediately clear
how this will affect the relative values of T* immediate-
ly after demagnetization from a given initial field, but
the effect of this difference should not be very large
under the conditions of the present experiments.
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