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A New Type of Magnetic Birefringence

By
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ABBTRACT.

The paper gives an account of the experiments on magnetic double
refraction in aqueous solutions of paramagnetic salts, specially of the rare
earths, of which preliminary accounts bave appeared in ‘ Nature,” August
29, 1931, page 363, and October 31, 1931. Cerium, praseodymium,
didymium (mixture of neodymium and praseodymium) and erbinm salts
show in aqueous solutions a negative magnetic birefringence comparable in
magnitude with that shown by the organie liquids. Gadoliniom nitrate
does not show an appreciable birefringence. The birefringence is sensibly
proportional to the square of the magnetic field. The author fails to
confirm in sign as well as in magnitude the results reported by Elias in
1910 who claims to have observed magnetic birefringence in a solution of
erbium nitrate. A solution of ferric chloride made in dilute acid
to prevent a formation of colloids also shows a negative birefring.
ence,

A provisional attempt is made to apply Langevin's theory of magnetic
birefringence to the case of cerium nitrate solution, assuming an optical
anisotropy for the Ce*® ion, the assumption being justifiable in view of
Rayleigh and Cabannes’ experimental observation that the rare geves,
ineluding Xenon to which the Ce*® ion i®a near approach in structure,
shows a depolarisation of transversely scattered light. The theory with
some simplifying assumptions, gives the right order of magnitude for the
birefringence.

A parallelism appears to exist between the birefringence and the
Faraday effect in these solutions in that those solatious which show the
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negative birefringence also show a negative Faraday effect, gadolinium
pitrate solution showing neither to an appreciable extent. The negative
Faraday effect is, according to Ladenburg’s theory, a consequence of the
paramaguetic orientation of the ions. It appears that the two phenomena
are related to each other.

1. Introduction.

Transversal magnetic double refraction which is the
magnetic analogue of tha electro-optic Kerr effect or electric
double refraction, was first successfully demonstrated by
Majorana' in 1902 in the case of colloidal solutions of iron.
The effect in pure homogeneous liquids, free from -colloids
was discovered by Cotton and Mouton ® later in 1907 in
the case of nitrobenzene and other organic aromatic
lignids and some aliphatic liquids also; and it 1is
now known that the Cotton-Mouton effect is a gene-
ral phenomenon exhibited by the organie liquids, both
aromatic and aliphatic, to a more or less extent.’ Some
inorganic groups like nitrate and nitrite * ions are also known
to exhibit a feeble magnetic birefringence. All these cases of
magnetic birefringence in pure homogeneous liquids were,
however, restricted to the diamagnetic class. Experiments
were performed in this laboratory towards the end of May
and early in June 1931 on aqueous solutions of paramagnstic
salts of rare earths. Many of these are known to exhibit a
negative Faraday effect which is due to their paramagunetism.
Samples of cerium and didymium (a mixture of praseo-
dymium and neodymium) nitrates locally available showed

! Q. Majorana : Acead. Lincei Atti., 11, 374 and 463 (1902),

3 Cotton and Mouton : O. R., 148, 870 (1907).

" A list of substances studied up to 4920 is givan in Tiandolt Bornstein Tebellen, Bweter
Frganzongsband, p. 013, Also, 8. W. Chinchalkar, Ind. Jour. Phys., 8, 165 (1981);
ficherer, C. R., 192, 1223 (1981),

i Nitric acid—see Landolt Pornstein Tabellen. Also M, Ramanadham, Ind. Jour.
Phys., 8, 16 (1929) ; Haque, Q. R., 190, 780 (1080}



A NEW TYPE OF MAGNETIC BIREFRINGENCE 583

that a distinct magnetic double refraction was shown which
was far greater than could be accounted for by the nitrate
jion and was of the opposite sign; and it was shown by
cerium chloride solution also. Cerium was slightly coloured
due to an impurity. Pure cerium salts were later found to
exhibit the phenomenon, and the existence of the effect was
reported by Sir C. V. Raman in the body of an article to the
Special Faraday Supplement to ¢ Nature’ of August 29, 1931.°
The swvork was further continued when other rare earths were
available and a brief note about it was reported in the issue
of ‘Nature,” dated October 31, 1931.° The object of this
paper is to give an account of this work on the magnetic bire-
fringence in solutions of paramagnetic salts.

2. Ezxperimental.

The experimental arrangement was the same as was used
by the author for measuring the magnetic birefringence in
aliphatic liquids.® White light from a 1000 c.p. pointolite
lamp was employed. The compensator used to detect and
measure the double refraction was the strained glass balf-
shade elliptic polariser and analyser by Forest Palmer, with
the arrangement for applying and varying the pressure as
described in that paper. The solution to be experimented
upon was kept in a straight glass tube 33 cms. long, placed
in a corresponding long gap of the special electromagnet.
The method of measurement was a comparative one. For
lower concentrations of solutions the standard of comparison
was acetone and for higher ones carbon disulphide, the latter
being compared with nitrobenzene. A current of 11 amps. was
passed through the electromagnst giving a field of 24000
gauss when lower concentrations were used. In order that

5 Nature : 128, 363 (1031).
8 0. V. Raman and 8. W, Chinchalkar : Nature, 188, 758 (1831),
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too high a load may not be required to be placed on the
compensator plate in the case of higher concentration of
solutions, a lower current of about 2 amps. was used, so that
the compensating load was of the same order of magnitude
as in the case of acetone and the lower concentrations.

Cerium nitrate (purest), erbium nitrate, didymium nitrate
and ferric chloride (crystals ¢ for analysis ") were of Kahlbaum’s
manufacture. Pure gadolinium nitrate and praseodymium
oxide were kindly lent by Dr. Pulin Behari Sarkar of the College
of Science, Calcutta. Praseodymium chloride was prepared
by dissolving the oxide in concentrated hydrochloric acid and
diluting the solution to a known strength, a slight excess of
the acid remaining in solution. ‘Didymium’ is known to contain
larger portion of neodymium than praseodymium. Erbium
nitrate was found by a comparison of the absorption spectrum
through different thicknesses of the solution in a wedge-shaped
cell with a didymium nitrate solution, to contain about 4 to
5 per cent. of the latter as impurity. Ferric chloride solution

was prepared by dissolving the crystals in dilute hydrochloric
acid,

8. Variation with Magnetic Field.

Before giving the actual results obtained with various
substances, a test made about the variation of the magnetic
birefringence with field strength will be given. Magnetic
birefringence in organic liquids is known to vary as square of
the field strength. Two aqueous solutions of cerium nitrate
were compared with benzene (Merk’s pure) and carbon di-
sulphide (Kahlbaum) using two different field strengths.
Resnlts are given in Table I. The numbers refer to mean
changes of compression of the compensator plate in grams
weight required to compensate the birefringence and are
proportional to the latter,
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TasrLe 1.
A B
Cerong Nitrate SBolutions. A
Ratio —
B
1 2 Benzene ] c8,
286 240 -119
460 —386 -120
186 215 086
810 370 084

It is found that the ratio of the birefringence in the
solution to that in the organic liquid is constant within the
experimental error when the field strength is varied, showing
that in solution it varies in the same way as in the organic
liquid, ¢.e., as the square of the magnetic field.

4. Results.

Table II gives the results obtained, on the scale acetone
=41'6 which corresponds to nitrobenzene= +100 after
Cotton and Mouton. Values for the two concentrated solutions
marked % are given by comparison with nitrobenzene via
carbon disulphide at 24°C. Due to the same law of varia-
tion with field strength holding for both the organic liquids
and these solutions, the constant of birefringence can be
given relative to that of one organic liquid (nitrobenzene)
though the strong and the weak solutions are compared with
different organic liquids at diffexent field strengths. The
Cotton-Mouton constant for organic liquids is known to be

defined by

-4 _1 _np=n, .Q
C= xmv AH? @
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where n, and n, are refractive indices of light vibrations
parallel and perpendicular to the field and d is the distance
retardation between 3 thickness { of the liquid. Concentra-
tions of praseodymium and cerium chloride solutions are
given in terms of equivalent uitrate for comparison with the

other nitrates.

Tasre II.

' Value of woeguetic bLitelrig-

w“:;l“n;mwm. * Conceptratiut, of the — o Nite

Solution | beozone = + 100
Cesous nitrate ! 0079 gm. /v -2
- n | 0"197 " " -7
B i | o8ee , . -169
w chlaride | Equivalent ~2'55
| wabout 011 gm. c.c. of 1
[ nitrute |
Pruscodymiom chlaride | . w006 . ., ' -115
Erbium crirste i 0183 guw./ce. -17
» " 0866 ,, . =86
Didymiua (weodym o, . =80
praseudym) Dilrete.
i
Gadoliniur niteate 07198 go. per about +028
gram solution
Ferric clioride (with 1 cx. solution eoniaived sbout =18
bydreciione seid) i 012 g, Fe,Cl, vnd
: 017 ¢.c. Kehlbavm's
i 119 (87% ) BCIL.

. Discusnon.

Table IT shows that the effoct even in the weak con-
sentrations s very conspicuous. No correetion bas been
made for water and the nitrate ions. [t may be remembered
that water shows a negative birefringence —(-156 and the
pitrate ivns in a copoentration corresponding to 060 gm.
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cerium nitrate per c.c. of solution would give a value of about
+05.¢ The effect in the moderately strong solutior of cerium
pitrate in Table 1] is comparable with that of carbon disul-
phide (—179) which is the etronzest nezatively birefringent
organic- liquid known, while in a more concentrated solution
in Table I, the birefringence is greater than that in benzene
in maguitude, and is thus of the same order as that exhibited
by the organic liquids of the aromatic class.

Of the different substances, cerium nitrate shows much
larger magnetic birefringence than an equivalent solution of
any of the others, though it is interesting that the Ce+* ion
has the smallest magnetic moment. The two lower concen-
trations of cerium nitrate showed proportionality with concen-
tration, which is only approximate, the higher concentration
being a little more birefringent than indicated by a strict
proportionality. The third concentrated solution, however,
shows clearly that the proportionality is not obeyed, the
departure being here more pronounced than in the previous
pair. Erbium also shows a similar departure.

Elias " had reported in 1910 to have observed a magnetie
birefringence in a solution of erbium nitrate. The concen-
teation of his solution was 056 gm. Er,0, per c.c. solution,
which s equivalent to about 1-04 gm. of erbium nitrate per
c.c. The value of the birefringence he obtained was about 400,
being positive in sign. The author however finds it to show a
negative birefringence, and though the concentration of his
solution is about one-third that of Elias, the magritude of
birefringence is about one-fiftieth. The ebservation of Elias is,
therefore, not confirmed, by the author,

Gadolinium nitrate solution is interesting in that though
it is strongly paramagnetic, the Gd *3 ion having a magnetic
moment of about 8 Bohr magnetcms as compared wivh
Co*¥m2:0, Pr+® and Nd*® each 35, and Er*?=9) nearly'

! G.4. Bliss, Verhaod. Deut. Pbye. Gesselischeft, 1630, p. 955,
§ Cybrers, Jous, do Phys., 6. 263 (105 Meyer, Phys. Zeit,, 36, 51 & €78 (1985),
29
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the birefringence observed in it is a very feeble one, of the same
order as, though slightly more than, the correction for water
and nitrate ions. A rough estimate indicates that the positive
birefringence due to the nitrate ions will have a small excess
over the negative one due to water though probably less than
the value obtained for the solution, showing a possibility of
a very feeble positive birefringence for the Gd+7ion. The
point, however, cannot be decided without more precise
measurements and corrections. However, as compared with
the other rare earth solations, the effect in gadolinium nitrate,
if any, is negligibly small.

A solution of yttrium nitrate of Merck’s specimen showed
a negative birefringence. The material was slightly coloured
and, therefore, impure, and indicated about 12 of didymium
impurity and much more of erbium. Whether all the bire-
fringence observed is due to the impurity bas not yet been
ascertained.

A solution of ferric chloride made in the presence of
acid is seen to show a negative magnetic birefringence of the
same order as that given by the rare earth solutions. It is
not likely that colloids would be present in the solution when
it is made in dilute acid.

A solution of manganous chloride containing about 07
gm of the salt per c.c. solution showed no detectable
magnetic birefringence,

8. The ‘ Paramagnetic * Birefringence and the ¢ Paramagnetic’
Faraday Effect.

It is interesting to find that the above solutions of
paramaguetic salts which show a negative birefringence also
show a negative Faraday effect’ All known substances

Y E, 0. 1. Eliss, Aon. & Phys., 36, 209 (1911),
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showing a negative Faraday effect with the exception of tita-
nium tetrachloride, ars paramagnetic (though the converse is
not true) and most of them are salts of rare earths. Laden-
burg  bas given a theory which takes into account the eifect
of paramagnetic orientation on Faraday effect, and finds that
under certain circumstances a paramagnetic substance can give
a negative Faraday effect, and Darwin " has also shown from
a gencral standpoint the existence of a paramagnetic term in
the expression for the Faraday Effect. The theory of Laden-
burg has found a further confirmation in the work of Becquerel
and de Haas"” and others on magnetic rotation at very low
temperatures like that of lignid helium, in certain uniaxial
crystals containing paramagnetic rare earths, the paramag-
netic effect being enormously greater at these low tempera-
tares than the diamagnetic one by a law corresponding to
the Curie law of paramagnetics. Faraday effect in a solution
of a gadolinium salt does not secm to have been studied,
though in discussing the nezative rotation in the crystal
Xenotime (Y, Er, Gd, phosphate) Kramers and Becquerel ?
suggest that if it is assumed that the 8 state of the Gd+3 ion
is ‘decomposed’ by the electric field in the crystal, it is
possible to explain the paramagnetic rotation in Xenotime as
probably due to the Gd+3 ion, at the same time pointing out
the difficulties to be encountered in making the above hypo-
thesis. The state of this ion is given by the theory of Hund ™
in which he has calculated the magnetic moments of rare
earth ions starting from spectral and atom-building rules and
whjch has been borne out more or less successfully by com-
parison with experimental values. The whole paramagnetism

¥ Ladenburg, Zeit. f. Phya., 38, 898 (1925) ; 46, 168 (192v).

1 C. G. Darwin, Proc. Roy. Soc. A, 113, 314 (1926).

13 Becquere!, de Haas, Kramers and otbers; k. Akad. Amsterdam. Proe. severs!
papers in Vol. 32, 1929,

I3 Kramers and Becquerel, ibid, 38 1190 {1929).

U Pupd : Zeit [, Phys., 33, 835 (1925,
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of the Gd +3 ion is due entirely to the spin of the electrons in
the incomplete 4f shell, the orbital moment contributing
nothing to it. All the other paramagnetic rare earth ions have
an orbital contribution.  The solution of gadolinium nitrate
employed by the author, was found to give a Faraday effect of
2°47 as compared with 2°49-5" due to water while the dilute
cerous nitrate solution showed 2°8' nearly. After due
correction for water present in the solution, the rotation due
to Gd+3 ion in the solution is seen to be negligibly small as
compared with that due to Ce+*3 or the other rare earth ions.

7. Application of Langevin’s Theory.

The theory of Langevin and Born ' which has been
successful in explaining the electric and magnetic double
refraction in pure liquids assumes that the molecules of the
liquid are electrically (or magnetically as the case may be)
and also optically anisotropic. When the liquid is putin the
field, they tend to orientate themselves due to the first aniso-
tropy and this tendency to orientate gives the medium doubly
refracting properties due to the optical anisotropy of the
molecules, The orientation can take place either due to the
induced anisotropy, i.c., the moment induced in the molecule
by the static field being different along different directions, or
due to a permanent moment existing in the molecule. 1In the
case of Kerr effect, electric double refraction, corresponding to
an orientation due to both the causes, can be distinguished by
considerations of tha effect with the molecules possessing or
not possessirg a dipole moment; whereas in the magnetic
case only the induced (diamagnetic) magnetic birefringence
was known.

If the mechanism of birefringence in the paramagnetic
salts of rare earths is the same as in the Cotton-Mouton effect

15 Debye, Handbuch der Radiologie, Bd. VI, p. 764.
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in organic liquids, except that the orientation is here due to a
permanent magnetic moment, an optical anisotropy for the
rare earth ions will have to be postulated. These ions are
known to have the same structure as the Xenon atom, except
for the extra electrons in the inner 4 f shell. The rare gases
have been shown by Rayleigh® and Cabannes! to show a
depolarisation of light scattered transversely to the beam,
so that a definite optical anisotropy for the Xenon core may
be taken as indicated by experiment, although it is difficult
to explain how it arises. The magnetic birefringence on the
Langevin-Born theory is given by

C_n,-—ﬂ._(ﬂg"])(ﬂg‘*g} (6,+6,) 2
TTAHZ T 60nA A+B+C S

where 61=;—%_, (A—B)(A'=B) +(B~C)(B'=C’) + (C— A)(C'- A) }

1 2 2 2 2 " 2 AP
ﬂﬂd 69= W (FI '_.u,)(A— B) g (Ju'g _Fa)(B -C,' + (F.-Fl)((' ™ A)

Here A, B, C are the moments induced by a unit electric
force of the incident light wave along the three mutually
perpendicular directions of the optical ellipsoid pf the particles
(molecules in organic liquids) giving rise to birefringence in
the medium by their orientatien, A’, B, C' are the induced
(i.e., dia) magnetic moments along the same three axes, and
P15 My ty 8re the components of the permanent magnetie
moment p along the same three directions respectively.
‘When the theory is applied to the case of paramagnetic rare
earth idns, the diamagnetic anisotropy, determined by (A'—B")
etc., is comparatively negligible making 6,=0. Also for

15 R. J. Btrutt (Lord Rayleigh) Proc. Roy. Soc., 88, 67 (1080),
17 Oabannes : Ann. Phys., 18, 5 (1821).
Osbannes and Lepape, C. R., 179, 325 (10M).



592 8. W. CHINCHALKAR

simplicity we shall assume the ion to have an axis of optical
symmetry so that A= B. This reduces the equation (2) to

2 : ]
c= B2-Dn2+2) J(A=C) (u) +py -2 (3)
ConAkT* AL

The direction of the maximum or minimum optical suscepti-
bility of the ions not being known, the components p,, p,, p,
cannot be determined ; hence a simplification will be made,
If Aistaken to be greater than C, 2uj should be greater

than p:-}-p.: in order that (3) should give a negative magnetic
birefringence as experimentally observed. For simplicity,
assume that the direction of the permanent magnetic moment
is that of the minimum optical polarisability, making

py=pond gy =pg=0 (4)

This will give the upper limit of the constant C to be expected
from the theory. The depolarisation factor 7 of the trans-
versely scattered light in gases is known to be connected with
A, B, C by the relation

10r __(A-B)?+(B-C)?+(C~A)3

6~Tr A+rB+C)7
ioh =2(A=C)2 5
which QATD)? (5)

when A=B according to the assumption made above. From
(3), (4) and (5) we get .

L8 e S P .. ()

TB0nAkYL2 6—Tr

(& will be applied to the case of cerium nitrate solution.
Cerium ion has only one electron in the 4 £ shell, and hence
is nearer to the Xenon core than any other ion. p for Le+3
ion is about 2'5 Bohr magnetons, 7 is taken for Xenon, 4nd
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after Cabannes=0-55X10-2, n is the refractive index due to
the Ce+3 ions which has heen calculated from the measured
refractivity of cerous nitrate in solution and data for nitrate
ions from Fajans and Joos.” Calculated in this way, with
molar refractivity for the Ce+*3ions in solution as 4'80, the
value of C comes to —5-68x10-13, which on the scale
acetone=+1-6, comes to —22-7, the experimental value
being —15-2. 1he calculated value is of the right order of
magnitude. If we try to apply the theory to other solutions,
e.g., of erbium nitrate, we find that due to the refractivity
and magnetic moment of the ion being both greater than for
cerium, the calculated value should be greater, whereas we
find the experimental value to be smaller. Also we cannot
explain why the birefringence is negative. The alove calcu-
lations are given to show the order of magnitude to be
expected on the theory.

The parallelism between the magnetic birefringence and
Faraday effect in these solutions, however, suggests that there
may be a connection between the two. An obvious relation
seems to be that both are orientation phenomena. Whether a
further connection exists as isindicated by Voigt’s * theory
of magnetic double refraction in sodium and lithium vapours
cannot be decided without knowing the dispersion of this
magnetic birefringence, specially near the active absorption
band responsible for the Faraday effect. Voigt links up the
Faraday effect and the magnetic double refraction with
inverse Zeeman splitting in the case of absorption bands and
the anomalous dispersion in the vicinjity of the bands. It is
interesting to note that on Voigt's theory the «n of magnetie
birefringence on the longer wave-length side of the active
ultra-violet absorption band is to be negative.

18 Fujans aud Joos : Zeit. f, Phys., 83, 1 (1924) ; Geflcken, Zeit. [, Phys. Chem, B, §
116 (1924).
19 Voigt : Graelz HanJboch der Elecdrizitat und der Magnetismus, 1V,
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The author’s best thanks are due to Prof. Sir C. V,
Raman at whose suggestion the work was taken up, for his
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Note.—After the above work was completed a note by
Haenny ® on the same subject came to hand. His results for
cerium nitrate and gadolinium nitrate confirm the author’s
earlier observations reported in Nature. Haenny has not given
a distinct verdict about erbium nitrate.

% Haenny : C. R. 183, 931, November 16, 1931.



