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The temperature dependence of the birefringence of light was investigated in the rhombohedral
MnCO; and CoCO; and in the hexagonal CsMnF;. It was observed that the difference An =n,—n
in these compounds experiences a strong change in the region of the corresponding Néel points. The
MnCO; and CsMnF; remain optically uniaxial crystals, regardless of the orientation of the
antiferromagnetism vector 1 in the basal plane. A dependence of the refractive-index difference on
the direction of 1 is observed in CoCO;, and this crystal becomes optically biaxial in the
single-domain state. The results are discussed on the basis of the phenomonological expression for the

tensor ¢€;; of the compounds in question.

INTRODUCTION

In earlier papers!!?) we reported investigations of
the influence of magnetic ordering on the birefringence
of light in the antiferromagnetic crystals MnF,, CoF5,
and NiF,. In the present paper we report similar inves-
tigations on antiferromagnets with a different magnetic
structure, MnCOj;, CoCO3;, and CsMnF,,

The study of birefringence of a number of mag-
netically-ordered crystals (iron garnets!®*~°) and anti-
ferromagnets(®®%2)) shows that the transition to the
ordered state is accompanied by an abrupt change in the

difference between the refractive indices of the crystals.

We have shown!'»?] that the sign and magnitude of this
effect in MnF,, CoF,, and NiF, cannot be attributed to
the change produced by spontaneous striction in the
lattice constants of the crystal. It appears that there is
another not so trivial mechanism whereby the mag-
netically ordered state influences the birefringence.
This magnetic contribution Anpmag can be separated
from the experimentally-measured difference between
the refractive indices, as is done int? if the tempera-
ture dependence of the crystal lattice constants is known
at sufficiently wide temperature intervals.

A study of the dependence of Anmag on the magnetic
structure of matter shows that in MnF. and NiF: the
value of Anpag is independent of the direction of the
antiferromagnetism vector 1 relative to the crystallo-
graphic axes and the direction of the propagation of the
light. In CoF,, in addition to this isotropic Anlmag,
there is observed an anisotropic increment of Anmag,
which depends on the components [j. We note that by
measuring the refractive-index differences it is possi-
ble to observe the isotropic effect only in crystals with
symmetries lower than cubic.

The study of birefringence in MnCOj;, CoO3, and
CsMnF;is of interest, in particular, because they are
easy-plane antiferromagnets, unlike the uniaxial MnC,,
CoF;, and NiF3, in which the anisotropy in the plane is
appreciable.

SAMPLES AND PROCEDURE

In the paramagnetic state, MnCO3, CoCOs;, and
CsMnF; are optically uniaxial crystals. The crystallo-
graphic symmetry of the isomorphic MnCO3; and CoCO3
is described by the symmetry group D§,, while the

symmetry of CsMnF; is described by D§p. The unit
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cell of MnCos or CoCOj; contains two magnetic ions!®),
while that of CsMnF; contains six Mn"" ions occupying
two non-equivalent positions!*°), When the temperature
is lowered, these compounds go over into an ordered
antiferromagnetic state of the easy-plane type. The
magnetic vectors of the sublattices in MnCO; and
CoCO3; are then canted and form a spontaneous mag-
netic vector m, which lies in the basal plane and is
perpendicular to the antiferromagnetic vector 1. The
value of m is approximately 0.2% in MnCO; and ap-
proximately 5% of the nominal value of the sublattice
magnetization in CoCOs. According to the data of
Alikhanov!*'! in the absence of an external magnetic
field the vector 1 in CoCOjs lies in the vertical sym-
metry plane at an angle ~45° to the threefold axis Ca.
The compound CsMnFs; is a pure antiferromagnet('?),

In the basal plane, the crystallographic anisotropy of
all three compounds is low, and therefore in a magnetic
field (0.5—2'kOe), regardless of the field direction, the
vector 1always becomes perpendicular to the field in
this plane, and the vector m, if it exists, is oriented
along the field.

Certain magnetic and optical characteristics of the
investigated substance are listed in the table. We know
of no data whatever concerning the refractive indices
of CsMnFs.

The MnCO3s and CoCO; crystals were grown at the
Crystallography Institute of the USSR Academy of
Sciences. The CsMnF; was grown by S. V. Petrov of
our Institute’. The selected crystals were x-ray
oriented and cut in the form of rectangular parallepi-
peds. The edges of the MnCO;and CoCO; parallelepi-
peds coincided with the directions of C; (the z axis)
and C: (the x axis), with y L x L z; in CsMnF3 they
coincided with the directions of C¢ (z axis)and C:

(x axis), with y L x L z.

We measured the dependences of the refractive-

3
H H x,10 y n,
o Es » o
Compound TN, °K KOe k(l))e emu/mole | (T=300 °K) 11‘:308 °K)
MnCO; 29.0 324 % 320 44 43 1.816 1..'297
CoCOs 17.0 18.1 * 160 27 52 1.855 1.60
CsMnF;, 535% | 350 | — 30.7 — -

*The values of T)y marked by an asterisk were obtained from magnetic measurements,

and those without an asterisk were obtained by Kalinkina [**

of the specific heat Cp of MnCQOj3 and CoCO;.

] from the measurements
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index difference An on the temperature and on the
magnetic field. The refractive-index difference An
was measured with apparatus described in** by a
method with direct compensation for the path dif-
ference. The accuracy with which An was measured
depended on the quality of the crystal and ranged from
5% 107%to 2 X 10°%, The sample was placed in an
evacuated cell in an optical cryostat. The sample
temperature was measured with a ZLZh-99—chromel
thermocouple. The relative temperature-measurement
accuracy was #0.05°, and the absolute accuracy was
+0.3°, In a number of experiments, if no magnetic field
was required, the single vacuum cell was replaced by
a double cell constructed to resemble a Dewar. The
jacket of this cell was evacuated to ~10™° mm Hg, and
the internal part was filled with helium gas (~1 mm
Hg). This construction improved the thermal contact
between the sample and the cold junction of the
thermocouple and kept the sample from sticking.

The magnetic field was produced with a supercon-
ducting solenoid and reached ~50 kOe.

EXPERIMENTAL RESULTS

MnCO,

Just as in?], the difference of the refractive indices
was measured at two experimental configurations, In
the first configuration light propagated in MnCO; along
the y axis, and the polarization plane made an angle 45°
to the x and z axis. In this geometry we determined
the temperature dependence of the refractive-index dif-
ference for light waves polarized along the x and z
axes. A plot of Angz(T) = (ngx = nz)T — (nx - nz)300°K
is shown in Fig. 1. We see that in the region of 30°K
there is an abrupt decrease of Anxz(T). On the whole,
the curve resembles the analogous plot for MnF.. The
Néel point was determined from the maximum of the
derivative d(Anyz)/dT and amounted to 32°K. No kink
could be observed on the Anyyz(T) curve at the point
TN, apparently because of the insufficient measurement
accuracy. The value Ty = 32°K differs from the value
TN = 29.5°K obtained in measurements of the tempera-
ture dependence of the specific heat cp in MnCO4!*!,
but agrees quite well with magnetic-measurement
datal*] (TN = 32.4°K). According to the latter, turning
on a magnetic field in the basal plane orients the mag-
netic domains in this plane. In our experiments, the
field was directed along the x axis, and consequently
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FIG. 1. Temperature dependence of the difference between the re-
fractive indices Any, in MnCOj, CoCOj;, CsMnF ;. The points below Ty
of CoCOj; show the variation of Anyy in a magnetic field 2 kOe, while
the dashed curve shows the variation of Any;, in the absence of a mag-
netic field.
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FIG. 2. Dependence of the refractive-index difference Anyy in CoCO;
on the magnetic field applied along the x axis; T = 3.0°K.

the vector 1 oriented itself along the y axis. Within
the limits of the experimental accuracy, we observed
no change of Anygz(T) whatever at any temperature and
in magnetic fields up to 50 kOe.

A similar lack of change in the refractive indices
when the domains become oriented by the field was ob-
served also in the second experimental configurations,
when the light propagated along the z axis. The differ-
ence Anxy(T)=nyg — nj turn out to be zero at all tem-
peratures and fields. It follows from the results of the
experiments with the magnetic field that the magnetic
birefringence in MnCOjs, just as in MnF;, does not de-
pend on the direction of the vector 1 relative to the
crystallographic axes.

CoCO,

The experiments with CoCO; were performed on two
different samples, since the poor quality and small
dimensions of the crystals at our disposal did not make
it possible to prepare a sample that was sufficiently
transparent simultaneously in two perpendicular direc-
tions. In the field experiment the light was directed
along the z axis and we measured the refractive-index
difference for waves polarized along the x and y axes.
In the absence of a magnetic field, the difference Angy
=ny - ny is not single-valued and does not exceed
~18’5. In magnetic fields corresponding to orientation
of the magnetic domains, the difference Anyy increases
sharply—see Fig. 2 (the curve in Fig. 2 was obtained at
a sample temperature 3.0°K). This change of Anyx in
the course of magnetization of the sample was first
observed in CoCOs by Kharchenko et al.l'®] by the
method of conoscopic figures. As follows from Fig. 2,
the difference Angy continues to increase in magnetic
fields greatly exceeding the value at which the domains
become oriented in the crystal.

The temperature dependence of Angyy at certain
values of the magnetic field is shown in Fig. 3. The
same figure shows for comparison data from(*®], and
also the temperature dependence of the square of the
weak ferromagnetic vector m!**l, The m®T) curve can
be successfully aligned with the Anyx(T) curves ob-
tained in strong magnetic fields. Our measurements of
Anyx(T) in weak fields yield a transition temperature
TN = 17.0°K, which agrees with the measurements of the
specific heat cp of CoCO4l'*l, Magnetic measurements
yield TN = 18.1°K. When the magnetic field is increased,
the different Anygx does not vanish at 17°K. This drag-
ging of the curves at high temperatures seems to be
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FIG. 3. Temperature dependence of the refractive-index difference
Anyx in CoCOj3, obtained in various magnetic fields: @—H = 1.8 kOe,
X—H =18.5 kOe, A—H = 37 kOe, O—H = 46 kOe, O0—data of ['S]. The
dashed curves show the temperature of the square of the weak ferro-
magnetic vector o2 (T).

connected with the antiferromagnetism induced by the
magnetic field(**],

In the other experimental geometry, the light was
directed along the y axis and the temperature depend-
ence of the refractive-index difference was measured
for light waves polarized along the x and z axes

An.,(T) = (n.—n.) r— (R:—1n.) 3000 .

Without the external magnetic field, the change Angy(T)
as a result of the magnetic ordering is small, about

0.3 x 10™, In Fig. 1, the plot of Angz(T) below Ty is
shown dashed.

Just as in the preceding experimental configuration,
the orientation of the domains by the magnetic field
causes an abrupt change of Angz(T) below the transi-
tion point (see Fig. 1). A field ~2 kOe was applied in
this experiment along the x axis, and the vector 1, as
is well known, oriented itself in a plane perpendicular
to the field.

A kink is observed on the Anyz(T) curves plotted
without and with a field. Its position at 17°K coincides
with the value obtained in the first experiment with this
compound (see Fig. 3). The maximum change of
Angz(T) following application of a magnetic field
(~2 kOe) is

Ane, (T) = (ne—n.) s— (Re—n.) n—0~1.3-10-%, (1)

Unlike the preceding configuration, this quantity re-
mained constant, within the limits of experimental ac-
curacy, when the field was increased to ~50 kOe. Thus,
the birefringence in CoCOs, as in CoFy, turns out to
depend on the orientation of the vector 1 relative to the
crystallographic axes.

CsMnF,

The temperature dependence of the refractive-index
difference in CsMnF3 duplicates qualitatively the re-
sults obtained earlier for MnF.'?! and in the present
study for MnCOj;. The crystal remains optically uni-
axial at all temperatures and magnetic fields applied in
the xy plane. The quantity Anxz changes abruptly in the
region TN and does not depend on the applied field. The
plot of

An,, (T> = (n;*ﬂz) r— ("-x*ﬂz) 5000 K
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is shown in Fig. 1. The obtained value Ty = 52°K dif-
fers somewhat from the 53.5°K known from magnetic
measurements.

To separate Anp o for MnCO3 CoCO; and CsMnFs,
as was done in!? for §/[an and CoF,, data are neces-
sary on the temperature dependence of the lattice con-
stants of the investigated compounds. Unfortunately, no
such data are known to us.

THE DIELECTRIC TENSOR €ij

The dependence of the refractive indices of the com-
ponents of the tensor €jj on the magnetic state of the
crystal can be described by starting from symmetry
considerations, as was done in{?], The components of
the tensor ¢jj are obtained from the expression for the
density of the internal electromagnetic energy of light
in a crystal, with allowance for the terms quadratic in
the magnetic moments, which are responsible for the
magnetic birefringence. We assume here that in anti-
ferromagnets the magnetic birefringence is determined
primarily by the vector 1, inasmuch as the value of the
vector m is always much lower,

For MnCO; and CoCOs, taking into account the sym-
metry of the crystal (symmetry group ng), the expres-
sion for the electromagnetic-energy density is

1
=&+ W (ME PN (ELSHE ) PHAE 2L A (ES+E ) L2
n

AL (B E ) HhaE LB (217 +E2LL ) 40l (B, (2)
+2E.E L] +th[ (ES—E}) (121 2)+4EE L]},
The second derivatives of & with respect to Ej and
Ej are the components of the tensor ¢jj:

Ear=8 "+ 2012+ 200220, L1, 4206 (12 —1,),
8y =€, "+ 201"+ 20 0,2 — 20,00, —2A, (L2 —1,2)
e=g P20 H20l2, e, =e==Nil L+ 2Nl 1, (3)
exe=8u="oAsl.liAolL,,
5y1=51y=l/27v5l;ly+ l/zxs(lxz_lyz).

Here €] and €] are the diagonal elements of the tensor
€jj for the uniaxial crystals MnCOs and CoCOj; in the
paramagnetic state.

Unlike the two-sublattice antiferromagnets MnCO3;
and CoCOj, the compound CsMnF;is a six-sublattice
antiferromagnet and & should be resolved along the
vectors!'®

l,=s,—s,, m,=s,+8,;
l,=—ae,+0,t0,—0,, l;=—o0,—0,t0;10.,
l.=—0,%t6,—0st0,, m,=0,+0,+a;+0..

Here s, and s, are the magnetic moments of the Mn I
ions occupying the crystallographic positions (0, 0, 0)
and (0,0, /2); 01, 02, 03, and ¢4 are the magnetic mo-
ments of the ions Mn II occupying the positions (s, 7s,
w), (/3, 73, V2= ), (75, /3, /s +u) and (75, /3, —u). How-
ever, inasmuch as the vectors m,, my, 13, and 1, are
much smaller than 1, and 1z, we confine ourselves in
the expansion to terms quadratic in 1; and la:

E=&,+ —81; (o E 2L B, E Ly, B L tas (B HE ) 1,243, (EL+E )1,
TYAESHE ) Lt oo 2L BB A Y E 2L Lo (E2HE ) L2
HB(ESHE) Ly (E2HE ) L Lot osE L, (Edy+E L)
HBE Lo, (EdyetElyy) HysEly (Edout E L) A1:E o, (Bl E L)
tas[ (B—E}) (LP—10) TAEE Lol 1+ B[ (EL—Ef) (L —1?)
FAEE Lo Loy | 146 [ (B —E ) (Lalax—iday) F2EEy (Lo, +Loily) 1)
Here aj, Bi, ?i, and nj are the magnetooptical constants.

(4)

The components of the tensor €jj for CsMnFs are
given by
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ea=e, "+ 200,12+ 20: 1,227 1 o+ 20l +2Bu0.°
2l las 200 (L2 —1,2) +2B6 (Lo — 1) 290 (lucloe—uulay)
ey =+ 201 P+ 2Bl 2ol Ly 2002+ 28 a5
+2¥ulilea—206 (L2 —1yt) —2Bs (L2 —1?) —2¥s (Biadaa— il
e,,=€"°+2a‘ltz+2ﬁ,lf+Z‘Y‘l‘lz“'zasliz2+2BalzxZ+2'{alulzzy (5 )
s,y=eu,=2aslul|y+2[5elz;:lzy+'Yo (llxlzy+l’l_xlly) 3
e,.=el,=‘/2a,l.:lu+ 1/2ﬁslleu+]/2‘{slulzx+Vz'ﬂslzzlm
Ey;=€zv=l/2a5llyllx+ ‘/zﬁslzylzz+‘/i‘{olul2y+‘/27]5lzzlw-

Experiments have yielded for MnCO; and CsMnF;
the following: a) Angy is equal to zero also in the mag-
netically-ordered region, both in a zero magnetic field
and in fields up to ~50 kOe), b) Ang, does not vary
under the influence of the orientation by the field of the
vector 1. Therefore the anisotropic terms in the tensor
€jj should be regarded as small. The difference be-
tween the principal refractive indices for these crystals
takes the following form: for MnCO3

A
Ang=n,"—n+I ("}:2_»‘—'—:) (6)
n, T

and for CsMnF3
A= 1 (= )+ (ﬁ - ﬁ;o\ +lllz(n1Tzu -,

o 0 0
neooom ny n o

where n = (€7)”? and nj} = (€})"?

Inasmuch as a dependence of the refractive indices
on the direction of the vector 1appears in CoCOs, just
as in CoF;, it is necessary to take into account the
anisotropic terms of the tensor ejj of this compound.
In a zero magnetic field, as is well known!'*'"} the
crystal is broken up into domains that are parallel to
the base plane, with the angles between their vectors 1
not equal to 180°. In this case the ¢jj terms propor-
tional to the products of different components of the
vector 1 and to the expression |3 — 12 make no contri-
bution to the refractive-index difference after averaging
over the volume of the crystal, In this state, CoCOs
should behave like an optically uniaxial crystal, and the
difference between the refractive indices for the ordi-
nary and extraordinary rays takes the form

He=0 Az A M As
gL NS Y PN B 1Y (A I 8)
An. nummy ( n' n ) ( n,° n"") (
As already noted, the change of the quantity A sz 0

in antiferromagnetic ordering is small (see Fig. 1).
This situation is reminescent of the behavior of the dif-
ference Angz in CoF;l?l, In the latter compound, the
spontaneous striction is anomalously large, and there-
fore the change in the difference between the refractive
indices Anxz 1at, due to the striction, is larger than
Angz mag. This causes the experimentally measured
refractive-index difference, which is the sum of these
two effects of opposite sign, to be smaller than Angz mag
and to be opposite to it in sign. By analogy it can be as-
sumed that Anggz lat, practically cancels out Angz mag
in CoCOs.

In a magnetic field directed along the x axis, the
component [x turns out to be small and those ¢jj terms
which contain [x can be neglected. We then obtain for

COC03

€=t "+ 2N 12+ 20,1, 2+ 200 L1 — 206l %,

ey =28, "1t 2A >+ 20,12 — 2011, 42Nl 2,

e,.=¢ " 20 P +2N10, ey =tp=¢t.Ten=0, ®)
eye=8z,="Yohsl:ly—/oel, %

In this state the crystal becomes biaxial, as is observed
in the experiment. The tensor ¢jj is diagonalized when
the y and z axes are rotated about the x axis through
an angle a:
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Asl.ly
tg 20=————
8o g'—e,’

Aol

0 0°
g —€,

(10)

Since « is proportional to the ratios As/(e) — €)) and
e/ (€] = €?), this angle is small. And since this rota-
tion changes the component of the tensor €jj by amounts
proportional to the squares of these ratios, the entire
subsequent calculation was carried out for the initial
coordinate system.

If the light is incident along the z axis and the field
is applied, as before, along the x axis, then
2M\s 2\

Any=—1}—
v
n° n°

L, (11)

This difference, as follows from Fig. 2, continues to in-
crease at magnetic-field values greatly exceeding the
value at which the domains are oriented in the crystal.
If this growth were to be connected with additional
orientation of the domains pinned by crystal defects,
then the Anyx(T) curves of Fig. 3, corresponding to
different fields, would come closer together with in-
creasing temperature, whereas the difference between
them increases starting with low temperatures.

One of the possible explanations of the growth of
Angy in strong magnetic fields is connected with the
effect observed by Bazhan!'®l in NiCOs. As is well
known from neutron-diffraction measurements!'»**! in
the isomorphic NiCO3; and CoCOj;the vector 1, in the
absence of an external magnetic field, lies in a vertical
symmetry plane and makes angles ~22 and 45  with the
basal plane, respectively. As shown by Bazhan, in
NiCO; this angle is a function of the crystal tempera-
ture and of the field applied in the basal plane, and
vanishes at a critical field value 14 kOe. If we assume
a similar effect in CoCOj, then the projections [, and
ly vary with a field parallel to the x axis, and there-
fore the difference Anyx should depend on the field also
after the vanishing of the domain structure.

In the other configuration (kjjght Il y, H il x), the
orientation of the domains by the field causes the dif-
ference Anggz to take the form

0 A’l A’i Aﬂi A’.’! Aﬂ xﬂ
n,"—n,+1* (-—0——) +l.’( - )

Hijx
= + 2=
n, n’ n,’ iy n,° W (12)

An,, =

o
n,ooon

In Fig. 1, the plot of anl=0 is shown dashed. The values

X2
of An,IEIZTO are marked by points. The change of Ang,(T)

as the domain structure vanishes is observed only in the
antiferromagnetic region.

In conclusion, we thank P. L. Kapitza for interest in
the work and I. E. Dzyaloshinskii for useful discussions.

APPENDIX

In our earlier paperl?]) errors crept into the expres-
sions for the density of the internal electromagnetic
energy & and the dielectric tensor €jj of the crystals
MnF2, CoF; and NiF.. When suitably corrected, formu-
las (5)—(10) of'?! become respectively

1
E=&,+ —g;-( MEPP A (EL+E ) PAME L A (B +HE) 12

CAAE L (Bt EL) FMELE LA (B2 —E2) (L2—1,2) };
e, "F 2T 20220, (L1, 2),
=8 1 "F 2220122, (12— %)

1

L TR Y WAL
8xr =82 "foMslls,

Sry:ey,v:I/z}\r‘llxly‘
ellr=51u=l/27vslxly;
An:wm:nx_nv= I ( &iﬂ- - '}"_:) H

O
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Any =n,—n,=1* (L‘D——A_zﬂ.) +l,2(iz__}‘.'i.) ; (8)
LT () n’ ony’
isotr, M
Any =n,-ny=12(—}‘-lﬂ—LG) +1.2 ( k__i)-i-l:i b (9)
n'  ny n’ ny’ n,’
2hs
Any=n,—n,= 0 1.2, (10)

In addition, the tensor Tjj becomes diagonalized by
rotation of the x and z axes through an angle q:

As

tg 20 = Uil

0 o
g —€,

DThe authors thank N. Yu. Ikornikova, V. R. Gakel’, and V. M. Egorov
for supplying the MnCO; and CoCO, samples, and to S. V. Petrov for
supplying the CsMnF; crystals.
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