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I, INtroDUCTION

By reason of their interesting magnetic properties, the cupric salts have been
studied for their paramagnetic resominee specint in some detail by many
workers. In fact, of the ions of the iron group of elements, Cu' o, with elec-
tronic configuration 3" oecurs with spin § 4 only, when the orbital
momentum is quenched and iy therefore the simplest. The quenching of
the orbital moment takes place in all the salts of copper as revealed by the
extensive susceptibility data availuble,  In order to explain the magnetic
properties of the cupric salts, the predominanee of exchunge forces between
the ions is invoked in addition to various types of internal clectric fields
which contribute to the quenching of the orbital moment.  The general
character of the results show that these two effeets predominate but a quanti-
tative understanding of the many interesting features exhibited by the cupric
salts await the collection of more data. The study of the paramagnetic reso-
nance spectra of the salts of copper affords 2 better understanding of the
nature of magnetic and electrical interactions in crystals, In the present
work the study has been extended (o eleven more cupric sults,
2. EXPERIMENTAL

The experimenta] set up wsed in the present stwdy is of the conventional
type. It consisted of @ 3em, Klystron (723 A/B) operated from batleries
to ensure high stability of the output.  Power from the Klystron was led
by means of a long wave-guide 10 a cavity resonator, resonating in the H,
mode, between the polepicees  of an electromagnet.  Tha clectromugnet
was capable of maintaining a ficld of 4500 aersteds in o sap b 1 and cross.
section 3" square,  The output of the cavity resonstor was fed (o a | N 23
crystal rectitier and the rectitied current was measured by means of a galvano-
meter. The ga'vanometer dellections were reduced (o absorption in arbi-
trary units by means of the fumiliar formula

,\/ ‘;;‘ -1 absorption,
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where §, is the deflection of the galvanometer when the cavity is tuned to
resonance and the magnetic field is far higher than the resonance value.
S is the deflection at any particular magnetic field at which it is desired to
know the relative paramagnetic absorption. The magnetic field was found
by using manganous salts whose g values are very close to that of a free
electron. In the case of single crystals, the crystals were mounted on the
lower choke of the cavity, the choke being capable of rotation about the
cavity axis through known angles. In the case of deliquescent crystals it
is necessary to imbed the crystals in paraffin wax after proper desiccation,
because even small amounts of water will lower the cavity Q enormously.
Paraffin wax has low loss at these frequencies and the dielectric constant
is also not large and it has a low melting point. Hence it is highly suitable
for imbedding the crystals when necessary.

3. SUBSTANCES INVESTIGATED

Paramagnetic resonance was sought in the following cupric salts,
cupric nitrate, cupric ammino-nitrate, cupric ammonium chloride, basic
fluoride of copper, cupric acetate, azurite, cupric carbonate, cupric cyanide
and cupric oxide.

TABLE I
1,
Substance o AH% [AH2] % [AHY] b4 Ratio Remarks
AV AV
Cuprir_: ammonium| 225 220 200 1-38 | Anisotropy measurements
chloride in single crystals have
been made
Cupric riuate 2:2 | 390 215 <83 1.78 | Slight asymmetry in ab-
; sorption
Cupric ammino | 2-1 320 215 303 1-41 | Anisotropy measurements
nitrate also made
Cupric fluorid 208 410 ¢ . . : .
bagié onee. ! 215 370 1-71 | Asymmetric absorption
{

Cupric acetate]
azurite

Cupric carbo-
nate

Cupric phos-  {
{

phate ’ Do not show any absorption in the magnetic field range 0~4500 oersteds

Cupric arsenate

Cupric cvanide

Cupric oxide J
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Of these the acetate, azurite. carbonate, phosphate, arsenate, cvanide
and oxide did not show any paramagnetic resonanee absorption in the I
of magnetic fiekds (0 4,500 oersteds) ciploved i this mvestigation. The
other compounds showed casily detectahle adsorption. The ¢ values, root
mean square mement, tourth vont of men fourth moment, et tatios i
half-breadths are given in Table 1, Only farly mavow Times are Tound and
itis usual to aseribe the effect 1o the influence swhane mteraction,  Phe
basic fluoride and the nitrate show asymunetne absorption peaks. Another
smaller line seems to vceur o the lower nugnetic tield side of the miin
resonance peak, i these substances. However, it must he remeimberad that
MOSL PArAMEEICHE TeOnance cumves are nol by svarmetnal, There s
always o small amount of absorption persisting even S below TN
some times up o zero tield. This s perhips due to some RO Te St |
process.  As remarked later, only the dag pertaming to the igh magnetic
field side of the resonance were used in caleufating the second and fourth
moments. In the case of the acetate, Gaordy and Laneister (1951), Bleaney
and Bowers (1951) hasve reported a tield dependent @ value and structure
of the resonance spectrum by working ut frequencies up o AL000 Mys,
The case of the oxide seemed of interest al first s the tiest sample used
showed broad resonance effects like those of someantiferromagnetic
substances,  However, other samples from various sources i degrees of
purity were tried but they failed o show any notweable effect. The nuture
of the impurity in the first cuse is not Known, A already remarked, the
basic fluoride exhibits some structure in it resonanee line, The curve for
the basic fluoride is given in Fig, 1.

Relative absorption

Wiz

1800 B — i
Magnetic Fielid in oersteds

Fig. 1. Resonance curve for the Busie fluoride of Copper
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4. ANISOTROPY OF g FACTOR AND LINE SHAPE

Single crystals of cupric ammonium chloride and cupric ammino-
nitrate were studied in different orientations. Like other similar salts, these
also show variation in g factor and line shape with orientation. The results
are presented in Table II and Fig. 2 for line shape parameters and g factor

respectively.  In calculating the line shape parameters [A H2]ﬁ’v and
[A H4;, the data pertaining to the higher magnetic field side of the

resonance curve was alone used on the assumption that side of the

TaBLE II

Anisotropy data on CuCly, 2 NH,Cl:—c-axis lying perpendicular to the
cavity axis

Angle [AH2]% [AH44 | Rato | &
AV AV

0°* " 220 290 1.38 | 2-44
30° .. 174 250 1.48 | 2-40
60° .. 202 246 1-22 | 2.34
90° .. 147 179 1-22 | 230
120° . 125 198 159 | 2.33
150° .. oI5 280 1-3¢ | 2.38
180° 1 128 188 | 1.43 | 2.40

resonance curve will be free of complicating factors due to non-resonant
absorption and structure due to unresolved lines. The lower side will
contribute very much more particularly to the value of the fourth moment
as the absorption might sometimes extend upto zero field. Of the copper
compounds the chlorides are of interest because the chlorine atoms with
their low energy 4 orbitals give scope for the exchange effects to predomi-
nate. The data for cupric ammonium chloride are given in curve (a) (Fig. 2)
and in Table II. The variations with orientation when the crystal is rotated
in the a-c plane are pronounced and a minimum exists at 120°. This line
is very sharp and the exchange interaction seems to contribute a large amount
to the fourth moment, whereas at neighbouring angles the line is quite
broad and seems to be gaussian. This may be due to anisotropy of exchange
interaction. Similar data are reported for the case of copper ammonium
selenate by Bleaney, Penrose and Plumpton (1949). About other directions
the anisotropy is not marked and the resomance lines are comparatively
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weak and broad. In these directions the g value is about 23, Some
measurements on the potwsivm and ammonium chlorides of copper have
been reported by Fujimoto und Itoh (1951) working in the 3,000 MU region,
The g values given by them for the potissium salt range from 206 1o 2418,
A g value determination in the vise of powdered cupric ammonium chloride
has been made by Gordy and Lancaster (19511 and their value is 2021, The
values in the present determination lie mustly about 202 to 223 bt with
2:44 in some directions,  The ¢ values are thus higher i the ammonium
than in the potassium salt,

Cupric ammino-nitrate (monochnie, prosm about e-axin) was also ine
vestigated for anisotropy about three directions, {1 wais foumd that sharp
resonances could he obtained when the Tong or the caxis of the crystil was
along the magnetic fiekd and the resonunee bevime broader und weaker as
the crystal was turned away from this position, The g value also varied
with direction and the variation is presented in curve (b) in Fig, ). When
the crystal was mounted with the c-axis vertival, the resonances were weak
and there was no variation in the g value, The s ovadue in this case was found
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to be 2-1 as contrasted with values ranging from 1-9 to 2-1 about a direction
perpendicular to the planes containing the ¢-axis.

Several substances do not show paramagnetic resonance. One of the
objects of this investigation was to find whether there was any compound
intermediate between those which show paramagnetic resonance strongly and
those which do not show any at all. None of the substances falls into this

category. The following may be the reasons for the unobservability of the
effect.

1. Relaxation times are too small or too large.
2. Magnetic interaction is very large so that the line is spread out.

3. Sufficiently low energy paths are not available for the electrons to
contribute effectively to exchange interactions leading to sharpening of the
resonance. It is difficult to say which or what combination of these operate
in any particular instance, So further investigations of these salts at low
temperatures are needed.

We wish to record our gratitude to Professor R. S. Krishnan for his
kind interest and encouragement.

5. SuUMMARY

Paramagnetic resonance absorption of 3cm. wave in eleven copper
salts has been studied. Of these four show paramagnetic absorption ;
g factors and half-widths obtained are given.  Single crystals of cupric
ammonium chloride and cupric ammino-nitrate have been studied for
anisotropy in g factor and line-shape parameters. Results regarding cupric
ammonium chloride indicate that exchange interaction may not be isotropic.
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