RESIDUAL RESISTIVITY OF DISORDERED ALLOYS

of works have been cited as qualifying in this respect.
It would require a lengthy discussion to explain why
each of the suggested works on the Cu-Au system has
been rejected, but one example may help. The sug-
gested data of Pasaglia and Love [ Phys. Rev. 98, 1006
(1955)] for the rapidly quenched Cu-Au system ap-
pears to exhibit a nonrandom character for 50-50
concentrations. Further, they do not report measure-
ments on the pure metals for their sample sizes and
histories.
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More complicated systems pose a problem of the
determination of the effective number of conduction
electrons as a function of concentration. Nevertheless,
with A. H. Wilson’s suggestion of 0.3-0.6 for the effec-
tive valence of Pd and with the use of Eq. (2.34), it is
possible to obtain a good theoretical fit to the low-
temperature data of Schindler, Smith, and Salkovitz
[J. Phys. Chem. Solids 1, 39 (1956)] for the Ni-Pd
system. The values of the other parameters required are:
Vni=2.0, ¢=1.5-2.0, C=1.83X107% and AZ=18.
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The magnetic susceptibility of cupric nitrate “trihydrate” Cu(NO;)s-2.5H;0 has been measured on the
powder and on single crystals in the 14-20 and 0.4-4.2°K ranges of temperature. The susceptibility of the
powder has a rounded maximum at 3.2°K, where it is equal to 0.065 cgs/mole, and drops very rapidly
towards zero below this temperature. This behavior differs from that of a typical antiferromagnet. The
experimental data have been compared with existing theoretical calculations for antiferromagnetic linear
chains or binary clusters. In the single crystal, the susceptibility measured in a direction parallel to the
monoclinic axis is always larger by 209, than the susceptibility in the perpendicular directions. This is
probably due to a uniaxial anisotropy of the g factor.

INTRODUCTION

HE study of the cupric salts provides one of the
most convenient experimental tests for the
theories of interacting paramagnetic ions. The Cut*
ion has a spin S=1%, value for which the largest amount
of theoretical work has been done. Moreover, the rela-
tively small value of the magnetocrystalline anisotropy
simplifies comparisons between experiments and theory.
Very little is known about the magnetic properties
of cupric nitrate trihydrate, which is one of the most
common cupric salts. The magnetic susceptibility has
been measured! only above 78°K. The paramagnetic
resonance has been observed at room temperature on
the powder.?

We have measured the susceptibility of this salt in
both powder and single crystal forms, in the liquid
helium and in the liquid-hydrogen ranges of tempera-
ture. The measurements on the powder have been
extended down to 0.4°K, using a Hes cryostat.

DESCRIPTION OF THE SAMPLES

The salt obtained above 26°C by cooling a saturated
solution of cupric nitrate in water is usually referred to

* Work supported in part by the Office of Naval Research, and
the National Science Foundation.

1P. Escoffier and J. Gauthier, Compt. Rend. 252, 271 (1961).

2Z. Miduno, O. Matumura, K. Hukuda, K. Horai, Mem. Fac.
Sci., Kyusyu Univ. Ser. B 2, 13 (1956).

as the trihydrate? Cu(NOj)y-3H,0. According to
Schreinemakers, Berkhoff, and Posthumus,* and also
to Wilcox and Bailey,? this salt is rather Cu(NOj),
-2.5H,0. In a short note® on the x-ray determination
of the structure, Dornberger-Schiff and Leciejewicz
give a projection of the electron density on a plane
perpendicular to the monoclinic axis, from which one
may infer that the formula is Cu(NO3)2- 2.5H,0.

The material used in the present investigations was
obtained from the J. T. Baker Chemical Company, in
the “Baker Analyzed Reagent” grade. All samples were
recrystallized, by cooling a saturated solution down to
40 or 30°C, in order to insure the proper degree of
hydration. Solutions of cupric nitrate should not be
heated to more than 70°C, as a white powder precipi-
tates slowly above this temperature. Care should also
be exercised to prevent organic materials from coming
into contact with this strongly oxidizing salt. Sheets of
filter paper catch fire spontaneously when soaked with

3J. W. Mellor, A Comprehensive Treatise on Inorganic and
Theoretical Chemastry (Longmans Green and Company, Ltd.,
London, 1923), Vol. 3, p. 280.

4 F. A. H. Schreinemakers, G. Berkhoff, and K. Posthumus, Rec.
Trav. Chim. 43, 508 (1924).

( ; 1% W. Wilcox and C. R. Bailey, J. Chem. Soc. (London) 150
1927).

8 K. Dornberger-Schiff and J. Leciejewicz, Acta Cryst. 11, 825
(1958). According to a private communication from these authors,
the formula Cu(NO;)21.5H,0 given in their note should read
Cu (NOa) 22.5H20.



1058 BERGER, FRIEDBERG, AND SCHRIEMPF
T T v T ‘l' T T T T I T T T T I ¥ T T T l T T T T-
o CUPRIC NITRATE "TRIHYDRATE"
08~ Cu(NO3),* 2.5H,0 ]
=)
oor- ¢ % ~
. 8 Powder
oose~ ¢ o Parallel b axis _
2 x )
—0.08 o« ;;]Perpendwuhr b anis F1c. 1. x versus T for Cu(NOj3),
(m I -2.5H,0. The behavior of the powder
3 susceptibility for vanishing 7' when
Z 0.04 _ the data are corrected for the para-
S magnetism of the sample-holder is
[} indicated by a dashed line. The cor-
-30.03_ B 'Y .0 . rection is negligible above 1.3°K.
+ b 4
. Po+q b % )
002 , @ 9 § —
a
.01 -
o W YORNY TN VRN TN YO U T WA NS MU TR S N Y SO TN SO NN RN ST B A
0 5 10 15 20

TEMPERATURE [°K]

solution and left to dry in the heat of an electric
bulb.

It is easy to obtain large single crystals of the salt.
They have an elongated, often needle-like, shape. A
plane of easy cleavage runs parallel to the needle axis.
The crystal belongs to the C2/¢ monoclinic group,
with =222 A, =490 A, ¢=15.4 A, 3=48°, accord-
ing to the few x-ray data available.® The angles of the
faces suggest that the monoclinic axis & is the needle
axis. We have performed optical measurements in
parallel and in convergent polarized light which fully
confirm this. The two optical axes lie in the ac plane.
One of them is nearly perpendicular to the cleavage
plane.

EXPERIMENTAL PROCEDURE

Magnetic susceptibilities have been measured by
means of a mutual inductance bridge, working usually
at 275 cps. This bridge is similar to that described by
Pillinger, Jastram, and Daunt.” The small change of
mutual inductance produced by insertion of the sample
into the coil is proportional to the susceptibility of the
sample. The bridge is calibrated during each run
against a sample of powdered manganous ammonium
sulphate, the susceptibility of which is given® by
x=0.01119/T cgs/g.

In the case of powder measurements, the sample is
packed in a thin Pyrex or soft glass sphere supported
by a thin nylon thread. In the case of single-crystal
measurements, the sample is tied with nylon thread
to a plastic platform which has been glued with epoxy

?W. L. Pillinger, P. S. Jastram, and J. G. Daunt, Rev. Sci.
Instr. 29, 159 (1958).

8 A. H. Cooke, see: C. J. Gorter, Progress in Low Temperature
Physics (North-Holland Publishing Company, Amsterdam, 1957),
Vol. 1, p. 238.

resin to the end of a thin lucite rod. The masses of the
sample range from 0.5 to 1 g.

In the 14-20°K range and in the 1.3-4.2°K range,
the sample and the mutual inductance coil are in
direct contact with a liquid-hydrogen bath, or with a
liquid-helium bath. In the 0.4-1.3°K range, we use a
He? cryostat. Details of this apparatus will be given in
another publication. The sample is in direct contact
with the He® bath, and a cerium-magnesium nitrate
sample is used as a standard to calibrate the mutual
inductance bridge, and also as a magnetic thermom-
eter. The susceptibility of this salt is given® by
x=(2.73X10~%/T)+2.13X 107 cgs/g.

DISCUSSION OF THE RESULTS

The experimental results are shown in Fig. 1. The
susceptibility has been measured on the powder. It has
been measured on a single crystal, along the mono-
clinic axis &; it has also been measured along three
directions is the ac plane perpendicular to the mono-
clinic axis. One of these three directions is parallel to
the cleavage plane mentioned before. Another is per-
pendicular to this cleavage plane. The third one is
approximately at 45° to the cleavage plane.

For all samples, the susceptibility is found to have
a rounded maximum at 3.2°K. It drops very rapidly
below this temperature. The susceptibility of the
powder seems to rise again below 0.6°K; tests per-
formed with empty spheres show, however, that this
rise is mostly due to the parasitic Curie paramagnetism
of the sample holder. If this contribution is subtracted
from the data, one finds that the susceptibility of
Cu(NO3)s+2.5H,0 is vanishingly small in the 0.4-0.6°K

9 J. M. Daniels and F. N. H. Robinson, Phil. Mag. 44, 630

(1953); A. H. Cooke, H. J. Duffus, and W. P. Wolf, Phil. Mag.
44, 623 (1953).
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range. The paramagnetism of the sample holder be-
comes negligible at 1.3°K and above.

In the single crystal, the measured susceptibility is
the same in the three directions perpendicular to the
monoclinic axis. From this it can be deduced that the
susceptibility is isotropic in the plane perpendicular to
the monoclinic axis. The value X, in this plane is 209,
lower than the value X, along the monoclinic axis, at
all temperatures.

This behavior differs from that of a typical anti-
ferromagnet. The powder susceptibility of an anti-
ferromagnet® usually drops for vanishing temperature
to no less than one half of the maximum value reached
close to the Néel point. Moreover, the single-crystal
susceptibility of an antiferromagnet is very anisotropic;
it vanishes at absolute zero (or becomes very small)
along the direction of the sublattice magnetization,
but remains quite high in other directions.

Our data would rather suggest that the magnetic ions
in Cu(NO;)s-2.5H;0O are associated in independent
pairs (binary clusters), or that they form one-dimen-
sional chains. The available x-ray structure informa-
tion® is not complete enough to directly decide between
these two possibilities. A detailed discussion of these
possibilities is given in the next section.

We have investigated the frequency dependence of
the powder susceptibility at 1.3 and at 14.1°K. In both
cases, the susceptibility is the same at 130 and at 275
cps.

There is a small difference between our powder data
and the average $X»+%X, of our single crystal data in
the liquid-hydrogen range (Fig. 2). This may be as-
cribed to some experimental error, or to variations in
the physical state of the samples. Cupric nitrate tri-
hydrate is very hygroscopic.

10 A, B. Lidiard, Rept. Progr. Phys. 17, 201 (1954).
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THEORETICAL RESULTS FOR BINARY CLUSTERS
AND FOR ANTIFERROMAGNETIC CHAINS

The susceptibility of a system of binary clusters has
been calculated by Bleaney and Bowers.!'? In writing
the exchange Hamiltonian H of a cluster, we define
the exchange constant J of a cluster in a way which
differs from theirs, for reasons which will become clear
later:

H=—4J8;S,, ey

where S; and S, are the spins of the two S=4% ions.

Assuming that the singlet is the ground state (that is,
J<0), the susceptibility of one mole of cupric ions is

| NogBS(S+1)
3kT 14+L exp(4]| | /kT)

2)

X

The relation between the exchange constants used
by various authors is given in Table I.

No exact calculation of the susceptibility of an infi-
nite one-dimensional chain of ions with isotropic ex-
change coupling is available at the present time.

TasiLE I. Relation between our exchange constant
J and that of other authors.

Binary cluster

. . 4J =J Bleaney and = JFiggis and
(rlng of two spms) Bowers Maxgtin

Ring of N spins

(N=2,4,6,8,10) =7 Katsura=J Griffths

1 B. Bleaney and K. D. Bowers, Proc. Roy. Soc. (London)
A214, 451 (1952).

2B, N. Figgis and R. L. Martin, J. Chem. Soc. (London),
3837 (1956). [In Eq. (2) of this paper, a factor of 2 should be
suppressed, if we take N in Eq. (2) as the number of Cupric ions
per mole. In Eqgs. (4) and (5), a factor of 106 should be suppressed. ]
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Katsura®® has computed the susceptibility of a ring of
N =06 spins. Griffiths! has computed the susceptibility
of rings of N=2, 4, 6, 8, 10 spins. They use the ex-
change Hamiltonian:

Z\Y
H=-27 3% SiSi1, (3)
=1
with
SN+1= Sl.

In Eq. (3), S; is the spin (S=3%) of the ith ion, and
the constant J is the same as that used by these authors
(see Table I).

In the case of a ring of N=2 spins, it is easy to see
that Eq. (3) is identical with Eq. (1). In fact, we have
defined the exchange constant of the binary cluster of
Eq. (1) in just such a way that this cluster may be
considered as a ring of two spins.

The results of these theoretical works are represented
on Fig. 3. We plot logu=In[3%2Tx/Ng?82S(S+1)]
versus |J|/kT, where x is the theoretical susceptibility
of one mole of ions. On such a diagram, Curie’s law
would give a horizontal straight line #=1, and the
parallel susceptibility of an infinite Ising chain would
give an oblique straight line. At high temperature, we
see that # (or X itself) is independent of V; this is to
be expected, as short-range order extends at these
temperatures only to distances smaller than the cir-

18 S, Katsura, Phys. Rev. 127, 1508 (1962). [ See also Phys. Rev.
129, 2835 (E) (1963).]
“R. B. Grifaths (unpublished).

cumference of the ring. The high-temperature slope of
all theoretical curves is the same.

We have fitted our experimental data in the region
above 1.3°K to these theoretical curves (Fig. 3). This
requires the choice of the value of the two parameters
g and J. The condition that experimental and theo-
retical values of # be equal at infinite temperature
determines g. The condition that the slope of the ex-
perimental and of the theoretical # curves be equal at
infinite temperature determines J. However, the gen-
eral curvature of the experimental # curves is inde-
pendent of the choice of g and J. Using the powder
data, the curvature of the experimental # curve is such
that it coincides neither with the curve for the binary
clusters (N=2) nor with that for a very long chain
(N>10); if we choose g=2.32, J/k=—2.15°K, we
obtain a close fit to the N =4 curve, though this is not
likely to have any real physical significance. On the
other hand, using an average of the single-crystal data,
the experimental # curve has a somewhat larger curva-
ture, and can be fitted best to the curve for the binary
clusters, using g=2.13, J/k=—1.28°K.

We have also represented our data on a simple dia-
gram of x versus 7' (Fig. 2). The fit is made here in
such a way that the maxima of the curves coincide.
We get g=2.11, J /b= —1.28°K for the fit to the binary
clusters and g=2.47, J/k=—2.56°K for the fit to a
ring of 10 spins. Again, the theory for the ring of 2
spins (binary cluster) is in fair agreement with the
average of our single-crystal data.

The various g values obtained in the present work
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may be compared with the value g=2.22 deduced from
the high-temperature powder measurements by Escoffier
and Gauthier.! We have had to correct the molar
Curie constant given by these authors, because of the
incorrect formula Cu(NOj)s-3(H20) used by them.
Miduno et al.? found g=2.1-2.2 by paramagnetic reso-
nance on the powder at room temperature, closer per-
haps to our fitted value for the binary clusters.

Should cupric nitrate trihydrate prove to be a system
of binary clusters, it would provide the first example
of such clusters with an exchange constant J/k of only
a few °K. In the case of cupric acetate’? and of the
other cupric alkanoates, J/k is two orders of magnitude
larger.

REMARKS ON THE LOW-TEMPERATURE
SUSCEPTIBILITY OF THE FINITE AND
OF THE INFINITE CHAIN

Bulaevskii,’® and also Katsura,'® have recently cal-
culated the susceptibility of an infinite one-dimensional
chain with isotropic exchange coupling. Both authors
resort to approximations. They find that the suscepti-
bility remains finite and positive at the absolute zero.
However, as Katsura uses an expansion in powers of
1/T, it is not obvious that his theory can be used in
the neighborhood of the absolute zero. Moreover, the
approximations used by both authors destroy the
isotropy of the exchange Hamiltonian. Therefore, it is
likely that the low-lying spectrum of spin-wave exci-
tations is strongly modified, and the value of the
susceptibility cannot be trusted at the lowest tempera-
tures. It is for these reasons that we have not compared
our data with these calculations.

There is, unfortunately, even some evidence that the
comparison (Fig. 2 and Fig. 3) of our data with the
calculations for a finite ring is of doubtful significance.
These calculations are interesting mainly because the
results might be used as an approximation to the
susceptibility of an infinite chain. Ginzburg and Fain!?
have pointed out that the small value of X for a finite

16 L. N. Bulaevskii, Zh. Eksperim. i Teor. Fiz. 43, 968 (1962)
[translation: Soviet Phys.—JETP 16, 685 (1963)].

16 S, Katsura (unpublished).

17V. L. Ginzburg and V. M. Fain, Zh. Eksperim. i Teor. Fiz.
42, 183 (1962) [translation: Soviet Phys.—JETP 15, 131 (1962)].
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chain at 7<|J|/Nk probably increases exponentially
with the length of the chain. This exponential depend-
ence, in fact, seems to exist already in the low-tempera~
ture region of our Fig. 3. The extrapolation to an
infinite chain is, therefore, not possible. They also
pointed out that the susceptibility of a very long chain
might be field-dependent.

These uncertainties in the theory of a linear anti-
ferromagnetic chain would, of course, become irrele-
vant, should cupric nitrate prove to be a system of
binary clusters rather than a system of infinite chains.

Oguchi'® has recently discussed the properties of the
ground state of antiferromagnets and linear chains.
He showed the existence of a relation between a non-
vanishing low-temperature susceptibility and a long
sublattice switching time. According to this, cupric
nitrate would have a short sublattice switching time.

CONCLUSIONS

Our susceptibility data suggest that the cupric ions
in Cu(NO;)e-2.5H,0 are associated in binary clusters,
or along one-dimensional chains, with antiferromagnetic
coupling. The data are in somewhat better agreement
with the first assumption than with the second one.
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Note added in proof. Dr. R. B. Griffiths has recently
calculated the zero-temperature susceptibility of an in-
finite antiferromagnetic chain with isotropic exchange
interaction [see Technical Report No. 13, Contract
NONR-2216(11), Project NR 017-630], and found a
positive value, equal to 0.69 of the value at the maxi-
mum. This supports our conclusion that cupric nitrate
“trihydrate” is a system of binary clusters rather than
a system of linear chains. An investigation of the elec-
tron-spin resonance in this substance has been under-
taken by Dr. N. Van der Ven of this department, in an
effort to provide further confirmation of this conclusion.

18T, Oguchi J. Phys. Chem. Solids 24, 1049 (1963).



