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Using combined Er** absorption spectroscopy and bulk magnetization measurements, the magnetic properties
of ErCrO; in the I',, T',, and T’y phases have been studied as a function of temperature and external field. The
experimental data are analyzed using a single-ion effective field model. For the I', and T, phases the most
general Cr-Er and Er-Er coupling terms allowed by symmetry are considered and the canting angle of the
ordered Cr’* spins (in the T'; phase) is not constrained a priori to be temperature independent. It is concluded
that the Cr-Er coupling is antisymmetric in nature and due mainly to Dzyaloshinsky-Moriya type exchange.
For this type of interaction, the Cr** canting angle is indeed temperature independent and this conclusion
justifies the constant-canting-angle assumption used extensively in the literature. The Er-Er coupling is found
to be of dipolar origin and it is shown that this interaction results in a significant temperature dependence of
the effective splitting factor as deduced from optical-absorption measurements. For the I', phase, the data for
temperatures above 20°K are interpreted in terms of a constant-canting-angle model for the Cr-Er
interaction. At lower temperatures it is argued that the dipolar Er-Er coupling must also be considered.

I. INTRODUCTION

The compound ErCrO,, in conformity with other
rare-earth orthochromites, crystallizes in an
orthorhombically distorted perovskite structure
(space group Pbnm) with four formula units per
unit cell.! The exchange coupling between the Cr®*
nearest neighbors is predominantly antiferromag-
netic and these ions order magnetically at a Néel
temperature of T =133 °K. Below this tempera-
ture and down to approximately 10 °K, ErCrO,
exhibits a weak ferromagnetic moment.

The magnetic properties of ErCrO, have been
extensively investigated. The experimental tech--
niques employed include neutron diffraction,?’3
bulk magnetization and susceptibility measure-
ments on powders®* and single crystals,®'5 spe-
cific-heat studies on powders?® and single crys-
tals,® Mossbauer measurements,” and optical-
absorption spectroscopy studies of®’ ® Er3* and® 1
Ccr3* energy levels. The results of these studies
may be briefly summarized as follows: Below T
the spin structure of the Cr3* ions is, in the nota-
tion of Koehler ef al.'' and Bertaut,'? primarily?
G, , and belongs to the I', representation. This
implies that the weak ferromagnetic component
of the Cr®* moments is in the ¢ crystallographic
direction,!? in agreement with the results of sin-
gle-crystal magnetization studies.®’® At Ty
=10 °K the Cr®* moments undergo a spin-reorien-
tation-type phase transition from the T',(F,) phase
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to a G, or I'|(0) phase in which the ferromagnetic
moment vanishes. This reorientation has been
studied by magnetization,® specific-heat,® and
optical studies.®~!® Below T the I', phase can be
recovered by applying a small (1-2-kQOe) external
field along the c crystallographic axis.?'®'° The
third spin configuration found in the rare-earth
orthochromites!® and orthoferrites,'* namely,
F,G, or T,(F,) can be induced in ErCrO, by ap-
plying an external field along the a crystallo-
graphic axis.’*5'1° The critical field H;, re-
quired to completely reorient the Cr3®" spins in-
creases monotonically with decreasing tempera-
ture, gradually at first and then steeply when T
< 50°K. At 20°K, the lowest temperature re-
ported,® H . =11 kOe.

In this paper, we present the results of exten-
sive magnetic and magneto-optical studies of
ErCrO, which complement and extend those that
have been reported by other workers. In partic-
ular, we are concerned with the nature of the
Cr-Er and Er-Er interactions in this compound.

In Sec. II, we first outline the various measure-
ments performed and present the experimental
results of the optical-absorption and bulk-magneti-
zation studies. Next, in Sec. III, we analyze the
experimental data for each of the three phases
studied and for the spontaneous I',~— T, phase tran-
sition at T =T,. For the I', and I', phases, we take
into account all types of Cr-Er and Er-Er couplings
allowed by symmetry. In this analysis we do #not
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assume a priori that the canting angle of the Cr®*
spin system in the I', phase is temperature inde-
pendent, as was done in earlier work.'*”'" Instead,
we consider the coupled Cr®** and Er®* spin sys-
tems as a single entity, with the canting angle
determined by minimizing the total free energy

of the system. For the I', phase, our analysis is
concentrated on the temperature region above

20 °K, where the influence of the Er-Er interac-
tion is minimal and where optical-absorption data
are available. At lower temperatures, the Er-Er
coupling must also be considered. Finally, in
Sec. IV, the results of the experimental data anal-
ysis are summarized and our conclusions regard-
ing the nature of the Cr-Er and Er-Er interac-
tions are presented.

II. EXPERIMENTAL

A. Experimental details

Our studies were carried out on flux-grown
single crystals of ErCrO,. The crystallographic
axes were identified by a knowledge of the symme-
try and morphological features of the crystals.'*'®
For the spectroscopic measurements, selected,
flux-free crystals were cut into platelets and
polished down to thicknesses of 25 to 50 um. Al-
though platelets having (001) and (110) faces are,
in principle, sufficient for measurement purposes,
(100) and (010) platelets were also studied. A
Jarrel-Ash 1-m grating spectrometer was u§ed
to obtain a monochromatic beam with a 0.2-A
bandwidth normally incident on the platelet. The
transmitted light was detected by a photomultiplier
and, after amplification, its intensity was recorded
on a strip-chart reorder as a function of wave num-
ber. Linearly polarized light was used throughout.
Independent absolute wave number calibrations
were carried out using mercury and neon light
sources of known spectral content.

Spectroscopic measurements of the absorption
spectrum of Er®” in ErCrO, were carried out be-
tween 4.2 and 120 °K. In particular, we concen-
trated on the absorption lines corresponding to
transitions between the lowest-lying crystal-field
states of ¥/, and excited crystal-field states
belonging to *F,/, and *S,/,. Since each crystal-
field Kramers doublet is further split by magnetic
interactions, the absorption spectra consisted of
subgroups, each containing a maximum of four
absorption lines. Measurements were carried
out in an optical cryostat of our own design in
which the sample was cooled by a stream of helium
vapor. Constant temperatures were maintained
with the help of a temperature controller operated
by a magnetic valve. External fields of up to 24
kQe were obtained by positioning the cryostat be-

tween the poles of an electromagnet.

Bulk magnetization and susceptibility measure-
ments were performed using both a motor-driven
vibrating sample magnetometer and pulsed-field
techniques. The measurements were carried out
in the 4.2-140 °K range. The reported results
were compiled from (a) magnetization curves
versus temperature recorded at various fixed
magnetic fields while cooling the sample and (b)
curves of magnetization versus applied field re-
corded at fixed temperatures. The cooling and
temperature control system used was similar to
that employed in the optical studies. Full experi-
mental details are given elsewhere.'*”#

B. Experimental results

In Figs. 1 and 2 we show typical absorption spec-
tra corresponding to *I,, /,~*F,/, and *I,;/,~ *S,/,
transitions, respectively. Each figure shows spec-
tra taken above and below the reorientation tem-
perature Ty in zero external field. The spectra of
Fig. 1 were taken on a (010) platelet with E|¢
and E | & while those of Fig. 2 were taken on a
(110) platelet with E || ¢ and EL&. The notation
is that of Faulhaber ef al. 22 wherein the crystal-
field levels of the ground term are labeled with
Roman numbers (I, II,...) and those of the excited
terms with lower-case letters (a,0,...) starting
with a for the level with lowest energy. The re-
corded linewidths at 77 °K varied between 4 and
10 cm™, At 4.2 °K, typical values were from 2
to 5 cm™!. [The latter refer to the transitions Ia
to Ie (a-e of *F,,,), as higher-lying doublets of
4I,,,, are essentially unoccupied at this tempera-
ture.] The crystal-field levels studied by us are
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FIG. 1. Optical-absorption spectra of Er®* in ErCrO,
for polarizations parallel to the ¢ and a crystallographic
axis. (I, II, III, V refer to the lowest-lying Kramers
doublets of the I 15/o ground state, and a, b, ¢, d, e to
the Kramers doublets of the 4F3/2 excited state.)
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FIG. 2. Optical-absorption spectra of Er** in ErCroO,
for polarization parallel and perpendicular to the ¢ crys-
tallographic axis. (I, II refer to the lowest-lying
Kramers doublets of the I 15/ ground state, and a, b
to the Kramers doublets of the 483 /o excited state.)

listed in Table I.

The spin-reorientation transition was found to
occur at T, =9.3£0.5 °K. The transition region
was less than 0.1 °K in width. This is in agree-
ment with results reported by other workers,3:6:8:10
An example of absorption spectra recorded at tem-
peratures immediately above and below Ty is pre-
sented in Fig. 3.

Spectra were also recorded with an external field
applied along the ¢ or ¢ crystallographic axis.
Typical results are shown in Figs. 4 and 5. Those

TABLE L. Some crystal-field levels of Er®* in ErCrOs,.

Group Kramers doublet label Energy (cm'l)

L/ I 0
I 46+1
11 1142
WA cee
ve 173+3
Fy/q a 15197+3
b 152413
c 15308+3
d 15337+3
e 15407+3
483/4 a 183243
b 18405+3

2 The level at 173 cm™ was assigned to doublet V by
comparing the level structure of ErCrOy (‘L5 /5) with
that of ErFeOy (4f5/;) (see Table IV and Ref. 41).
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FIG. 3. Optical-absorption spectra of Er?* in ErCrO;
immediately above and below the spin-reorientation tem-
perature Ty obtained with c-axis polarized light. (I
refers to the lowest-lying Kramers doublet of the *Iy;/,
ground state, and a, b, to the Kramers doublets of the
483/2 excited state.)
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FIG. 4. Optical-absorption spectra of Er®* in ErCr0,
for polarizations parallel and perpendicular to the ¢
crystallographic axis in a magnetic field applied parallel
to ¢. (I refers to the lowest-lying Kramers doublet of
the 4I 15/2 ground state, and a, b, to the Kramers doublet
of the %S/, excited state.
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FIG. 5. Optical-absorption spectra of Er** in ErCrO,
for polarizations parallel to the @ and b crystallographic
axis in a magnetic field applied parallel to a (I refers
to the lowest-lying Kramers doublet of the *I 15/2 ground
state, and a, b to the Kramers doublets of the FB/Z
excited state.)

of Fig. 4 were taken on a (110) plgtelet at 77 °K with
polarization E | ¢ and ELZ, and He,, || &. The ab-
sorption lines correspond to the transitions */,, /, (D
~Sy/,(a,b). The spectra of Fig. 5 were taken on a
(001) platelet at 30 °K with polarization E| 2 and

E I b, and Hext | 2. The absorption lines corre-
spond to the transitions */,;/,(1)~*F, /,(a,b), as
shown schematically in the figure.

In ErCrO,, the Er®’ ions are in sites having the
symmetry C,(»). For ions with an odd number of
electrons located at sites having such low sym-
metry, a 25"'L; level is split by the crystalline
tield into 3(2J +1) Kramers doublets. These de-
generate pairs of crystal-field states can be
labeled with the representations A,, A, of the site
group.?® The selection rules for electmc and mag-
netic dipole transitions between these states are

given in Table I1.2"*** The Er®" crystal-field
states are of course modified and shifted when
magnetic fields are present. In particular, the
influence of the ordered Cr®* spin system below
Ty can be represented, in the molecular-field
approximation, by an effective magnetic field
acting at the Er®* sites. For spin structure be-
longing to either I', or T',, this effective field is
along the ¢ axis, and the selection rules given in
Table II are apphcable In the presence of an ap-
plied field Hextl] c they still remain valid, but not
when Hext

Thus, for the polarized-light spectra of Figs.
1-3, we expect at most two spectral lines from a
given subgroup of four to appear for a given polar-
ization, assuming that either an electric or mag-
netic dipole transition mechanism is dominant.
Since spectra taken with ELE, Hll ¢ [(110) platelet]
and spectra taken with E || 3, Hll b [(001) platelet]
were identical, it follows that all the observed ab-
sorption lines are due to electric dipole transi-
tions. Following this assignment, the separation
of ground- and excited-state Zeeman splitting is
straightforward.®’2' By comparing the separated
15/, (M= %S5/, and *L 5/, (1)~ *F, /, Zeeman split-
tings, an unambigous identification of the ground
doublet splitting AE could be made. The results
for AE(T) for the T, and T, phases in zero ex-
ternal field are presented in Fig. 6. They are es-
sentially the same as those of Courths ef al.® Also
given are the values of AE(T) for the I', phase for
T <Tpg, obtained by extrapolating the appropriate
AE versus applied field curves to zero external

field.

In the T, phase, the selection rules of Table II
are no longer valid.?*?* Thus, as seen in Fig. 5,
there occurs a “leak through” of those spectral
lines forbidden in zero external field for a given
polarization. This did not cause any difficulties
when interpreting the spectral lines, as the vari-
ous transitions could be identified by comparison
with the I', phase spectra. The experimental data,
based on the */,,/,(I)~*F,,(a, b, d, e) transitions,
are summarized in Fig. 7. Data are given only for

TABLE II. Selection rules for electric and magnetic
dipole transitions in the > group ( Cs(m). The mirror plane
is perpendicular to z. E and H refer to the electric and
magnetic field vectors of the radiation inducing the
transition.

Transition Ag=—=As, Ay~—~A, Ag~—A4,
Electric dipole allowed ELZ E|Z
Magnetic dipole allowed H|Z HLZ
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FIG. 6. Temperature dependence of the ground-doub-
let splitting of Er®* in ErCrO, in the T,(F,) and T'{(0)
phases. (Experimental points and calculated fit are
shown. Extrapolation of the calculated curve outside
the fits region is indicated by a dashed line.)
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FIG. 7. Field dependence of the ground doublet split-
ting of Er®* in ErCrOs in the T, (F,) phase at various
temperatures. (The experimental points and calculated
fit are shown.)

H>H ., as the I, phase exists only in this field
region.

Turning to the bulk-magnetization studies, we
present in Fig. 8 the magnetization of ErCrO, in
its T', phase below Ty =133 °K and down to 4.2 °K.
For Ty>T >Tj this curve is identical with the
spontaneous magnetization® which vanishes for T
< Ty. Below T the magnetization data given were
obtained by applying a c-direction field to restore
the T', phase and then extrapolating the resulting
magnetization versus applied field curve to zero
applied field. In Fig. 9, the principal magnetic
susceptibility in the ¢ direction is given. For T
< Ty the susceptibility was obtained from the slope
of the magnetization versus field curve in the I,
phase. This method was adopted in order to avoid
the rotational contribution to the susceptibility
when the Cr®" moments®® rotate from the I, to the
T, phase.

The magnetization data obtained for I', phase
ErCrO, are presented in Figs. 10-12. First, in
Fig. 10, the threshold field H_; required to induce
the T’, phase at a given temperature is given. This
is an extension of earlier results® ® down to 4.2 °K.
In Figs. 11 and 12, are shown the extrapolated
zero-field magnetization and high-field suscepti-
bility. These were obtained from the H>H_;, mag-
netization versus applied field curves in the same
manner as described previously for the I', phase
T <Tj data.
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FIG. 8. Temperature dependence of the magnetization
of ErCrO; in the I'y(F,) phase. The experimental data
were corrected for demagnetization effects. (The exper-
imental points and calculated fit are shown. The ex-
trapolation of the calculated curve outside the fit region
is indicated by a dashed line.)
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FIG. 9. Temperature dependence of the c¢-axis sus-
ceptibility of ErCrO; in the I'y(F,) phase. The experi-
mental points shown for T'< Ty were obtained by extrap-
olating the magnetization versus field curves to zero
applied field, and all data were corrected for demagnet-
ization effects. (The experimental points and calculated
fit are shown. The extrapolation of the calculated curve
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field H,: required to induce the T'y(F,) phase. The ex-
perimental data were corrected for demagnetization
effects.
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FIG. 11. Temperature dependence of the magnetiza-
tion of ErCrO; in the I'y(F',) phase. The experimental
points shown were obtained by extrapolating the mag-
netization versus field curves to zero applied field and
corrected for demagnetization effects. (The experimen-
tal points and calculated fit are shown. The extrapola-
tion of the calculated curve outside the fit region is in-
dicated by a dashed line.)

III. .ANALYSIS
A. T4 phase

As noted earlier, the 25*1L; levels of Er®* are
split into Kramers doublets by the crystalline field.
We see from Table I that the splitting between the
two lowest-lying doublets is 46 cm™ or 66 °K.
Thus, at sufficiently low temperatures (T <50 °K),
only the two states comprising the lowest-lying
doublet will be significantly occupied. We shall
show that the main features of the I', phase opti-
cal-absorption and bulk-magnetization data can be
understood in terms of the polarization of the elec-
trons occupying the Er®** ground doublet by the ef-
fective fields of the Cr®* and Er®* spin systems,

Between Ty =133 °K and T, the Cr®* spins are
in an F,G, structure belonging to I',, As shown by

_Bertaut,!? this structure couples to, and therefore

can induce, an f, mode for the Er®" spins. Thus
the total effective field exerted by the ordered Cr®*
and polarized Er®" spin systems upon a given Er®*
moment will lie along the ¢ crystallographic axis.
This fixed direction for the effective field greatly



| I [ [
ErCrO3
0.8 — High field susceptibility Xa —
T (Fy)Configuration
\ Theory —--- n
—_— ‘.l Experiment x
(]
'g 0.6 i —
<l 1
> \
£ L _
[} [}
S 1
z |
041 -
a \
8 \
b4 — \ —
(72} x%xxx
o) z_x" —
M %
Ko en . |
I o XXXy
] ] | ]
30 60 90 120
Temperature [°K]

FIG. 12. Temperature dependence of the a-axis sus-
ceptibility in the high-field I'y(F,) phase. The experi-
mental points were corrected for demagnetization effects
(The experimental points and calculated fit are shown.
The extrapolation of the calculated curve outside the fit
region is indicated by a dashed line.)

simplifies the analysis and permits us to dispense
with the usual a p7riori assumption that the canting
angle, i.e., the angle between the Cr®" sublattice
moment and the antiferromagnetic axis, is temper-
ature independent. As we shall show, depending
upon the nature of the Cr**-Er®* coupling, a can
indeed vary with the temperature. This was first
pointed out, to our knowledge, by Beaulieu.?”

Using the subscript o to designate the I', phase,
the spin Hamiltonian of our system

3@0‘:3@(3-Cr+3€gr—£r+gcgr-£r (1)
is written as a sum of three terms describing, re-
spectively, the interactions between Ccr3* spins,
between Er®* spins, and between Cr3* and Er®*
spins. We introduce a coordinate system x, J, z

parallel to the orthorhombic crystallographic
axes. Considering first S~ CT a two-sublattice
description for the Cr®* spin system will be suffi-
cient for our study.?’ In the T, phase the spins lie
essentially in the plus and minus ¥ directions, and
the appropriate Hamiltonian is?®

BT =~ (Ng, 1) ~ NS 1S e +516550)
+D(S 1452 = 512552 ) + 3 K(S% +55,)]
- 38 s NH, (5, +5,), @
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where §1’, §2 are representative Cr®* spins in the
plus and minus sublattices, respectively, g, is
the z-axis g factor, pjy is the Bohr magneton, and
N is the number of Cr®* spins per mole of ErCrO,
(Avogadro’s number). For Cr®* ions, S=% and &,
=2, The first and second terms denote symmetric
(Heisenberg) and antisymmetric (Dzyaloshinsky-
Moriya) exchange, the third, a uniaxial anisotropy
which fixes (for K <0) the crystallographic a axis
as the easy direction for each spin sublattice, and
the last, the coupling of the spins to an external
field H, applied along the z axis. The coefficients
A, D, and K are interaction constants. For space
group Pbnm, the Dzyaloshinsky vector D is along
the ¥ direction,'? and all moments lie in the xz
plane in the I', phase. We assume, in conformity
with previous results for the rare-earth ortho-
ferrites®”% and orthochromites,?’ 3 that the xz-
plane anisotropy term?® allowed by symmetry is
negligible compared with the antisymmetric ex-
change term.

Turning to 3E* “E7  the most general expression
allowed by symmetry is?'’2¢

SeEr-Er - _ (4 Ng, u.B)2<%G1 DA PR X C AR T A
i

+ Gs(ngJ4z +J12J3z )+ G4(J22J3z +J12J4z ))

-38MpNH, Y J,,, (3)
i

where J,;, is the z component of the effective spin
operator at site ¢ and the summation is over the
four Er?* sites per unit cell. For an isolated
Kramers doublet, J=3. The G, are coupling co-
efficients and g, is the z-axis effective splitting
factor of the Er3* ground doublet.

Finally, 3¢S E is given by?!'2¢

G E =~ (s Nup)e.8,
Z Jiz[D1(Slz+ng)+D2(SIx_Szx )]; 4)
i

where D, and D, are coupling coefficients denoting
the magnitudes of the symmetric and antisymmetric
parts of the Cr-Er interaction, respectively.

To calculate the magnetic properties of the
coupled spin system described by (1), it is useful

to work with the Gibbs free-energy functional. It
is defined as

F0,H,T=A(M,T)-M |, (5)
where A, the magnetic analog of the Helmholtz
free energy, is given by

A=U-To=€+M*H~To=(3)+M-H-To .

(6)
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Here U(l\_/i, o) and e(f:I, 0) are the internal energy
and magnetic enthalply of the system,® M is the
magnetization, T the temperature, and o the total
entropy of the system. ﬁ, as before, is an ex-
ternal field, and ( ) denotes an average over a
canonical ensemble. At thermodynamic equilib-
rium, H=V 3Al|,, from which it follows that the
equilibrium value M(H, T) can be determined im-
plicitly from the condition

VuF3,7=0. (7)
To calculate (3 ,) for the T, phase, we use
(S1x) ==(8,:) =(S) cosa,
(812) =(S,.) =(S) sina, ®)
(Ji=(J), i=1,...,4,
and introduce
B=38.1pN(S), m =g upN(J) . ©)

Here « is the angle between the Cr3" sublattice
moment and the a axis, p is the Cr®" sublattice
moment, and 7, is the total Er®" ferromagnetic
moment. Using (8) and (9) we obtain, in the molec-
ular-field approximation,
(3¢, == Ap2cos2a ~Dp?sin2a - K(T)u2 cos?a

- 2uH, sina

-2 Gom2 —Hm,—D,um sina -D,um cosa,

(10)
where
K(T)=K[(s?) -5S(S +1)] /(S)?,
Gu=3 G, . (11)

In a molecular-field framework, (S) and{J) are
determined by the magnitudes of the total effective
fields HS', HE acting on a given Cr3* or Er®*
spin according to the relations®3

(S)/S=Bs(8,hpSHS" /kgT) ,
(J) /J=BJ(gz“BJH§cr /RgT) .

Further, the Cr and Er single-spin entropies og,
o, are related to the respective spin averages by>?

(12)

00s __kp pi(S) __ gekpHa'
9(S) S s s T ’
13)
90, ___k_BB-'l < __ S upHY'
5y T B e
and )
0=N(og +0;) . (14)

Here Bg, B; and B!, B}! are the usual and in-

verse Brillouin functions, respectively, and kg
is Boltzmann’s constant.

Equations (5)-(7), (10), and (12)—-(14) suffice to
determine all the thermodynamic properties of the
system. We proceed by noting that (7) is equivalent
to

o5 05

da TVH,,(8),40) a(Ss) T,Hgy, 0, {J)

=0,

T Hg, o (s)
(15)

The entropy ¢ is independent of ¢, thus the first
part of (15) reduces to

(3¢ y)
5o =0. (16)

For a<<1, (10) and (16) yield

_D+Dm,/2u+H, /i _D+Dm,/2p +H, /b
“2N4K(T)+D,m, /21 2x :

a
amn

The right-hand expression in (17) follows as K(T')u
and %DZ m,, the Cr anisotropy and Cr-Er anti-
symmetric interaction fields, respectively, are both
at least two orders of magnitude smaller than the
Cr-Cr interaction field Ay for the case of ErCrO,.
The final two equilibrium conditions in (15), to-
gether with (13) and (14) give the usual effective
field relations

HCrz_ 1 a<GCa> ____l 8<Gcoc>
« SN 3S) ~ 2 au
(18)
HEr - 1 a<gca> =_a<3Ca>
“ 8N &J) om,

Using B, /,(x¥) =tanhx, the-total spontaneous mo-
ment of ErCrO, when only the lowest-lying Er®*
Kramers doublet is significantly occupied is given
by

M,H,, T)=2ua+m,=21a+3Ng, pytanh(AE,/2k,T)

)

1
where 19

AEG(H,,T)=g, uHE' (20)

is the splitting of the lowest-lying Kramers doublet
in the I', phase. The c¢ axis susceptibility is given

by

M,
oH,

[XeY
=2”(3HC )

o
X.(T)= :2“_871— +X,
c

Ng2u} (8115‘) of AEq
+ 4k, T o, sech (2k3T>'
1)
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All derivatives in (21) are taken at constant T and
evaluated at H,=0. Note that we have implicitly
assumed that p is field independent; this is justi-
fied at low temperatures (T /Ty <0.4), where the
Cr®" sublattice moment is essentially saturated.
From (17) we have

da 1 D

—_— - —1
oH, ~oap tang o (22)

and, using (10), (17), (18), and (22), we obtain

HY =[Gym,+u(D, sina+D,cosa)]+H,, (23a)

oHEr D D2
aHa =1+§i—+(G“+ﬁl)x°' (23b)

In arriving at (23), we have assumed that D,a/2A
and D D, (dm, /3H_)/4A are negligible in compari-
son with the quantities remaining in the right-hand
expressions. This is essentially the same approxi-
mation made earlier in (17). Combining (19)-(23)
gives, for zero applied field, the results

AEL(T)=8 1D ay+D,)

AE (T
+3N(g; )23 Gétanh(—ékLB(T‘l> , (24a)

AE(T)

Mc (T)=2ua0 +% Ng;uBtanh(W-> : (24b)

1  N(g; )P} 2<AE,1(T)
Xc(T)=%+ 4k, T sech T

’'y2,,2 (37 -1
[0 - MELPURGE ooy (SEDN ]

4k, T 2k, T
(24c)
where
a, =D/2x | (25)
g:=8,(1+D,/21) , (262)
D,a +D

r PG+,

(D, a,+D,) = 15D /2n (26b)
2 /4

, Gg +D1/4 @6¢)

=1 +D, /20y

From a self-consistent solution of (24) we can
obtain the three quantities of interest, namely,
the splitting of the ground doublet AE (T'), the
spontaneous magnetization M (T), and the c-axis
susceptibility x.(T'). The Cr®* sublattice moment
w, which appears in (24a), is determined indepen-
dently from

1= 28c4 sNSBs(g, 1 pSAin/k5T) - (27a)

In (27a) the other interaction fields have been ne-
glected in comparison with the dominant Cr-Cr

Heisenberg exchange coupling. The exchange con-
stant A was found from the usual molecular-field
expression for the transition point?®

T\ =Ngu2S(S+1)1/6ky 27b)

to be A =142 mole Oe/emu. Note that an accurate
value of A is not critical to our study.

The most important consequence of the general
derivation we have presented is given by (26). We
have seen earlier, in (17), that the Cr-Er coupling
can result in a change in the canting angle due to
the “pback reaction” of the polarized Er3* spins on
the Cr®** spin system. This leads, in (24), to the
replacement of g,, (D,a,+D,), and G, by their
“renormalized” counterparts. Further, we see -
from (26) that the renormalization depends only on
the symmetric part of the Cr-Er interaction; if
the interaction is predominantly antisymmetric,
the three renormalized quantities become identical
with their unprimed counterparts. We also see
that the functional form of (24) is unaffected by the
“back-reaction” effect. Thus a successful fit of
(24) to the experimental data cannot, by itself,
allow us to draw any conclusions regarding the
nature of the Cr-Er interaction.

It is an accepted technique to determine the
splitting factor in a given direction by extrapolating
the slope (8AE/8H), to zero applied field. From
(20), (23), and (24) the effective optical-splitting
factor g7 in the TI', phase is thus given by

//__i BAEOC — o 7y Er
v (G =g enEm), (282)
where

XP(T) =x,(T) - 1/x. (28b)

We see that g/ is not equal to either g, or gj. It
is instead a temperature-dependent quantity.
Values for the parameters a,, g., (D,a,+D,),
and G, were initially determined by fitting the ex-
perimental data of Figs. 6, 8, and 9 to the expres-
sion given in (24) in the temperature range 4.2
<T<80 °K. A computerized least-squares tech-
nique was employed to fit all three sets of data
simultaneously. A best fit was obtained with the
following values:

a,=-60+60 mrad,

g,=11.3+0.3, (292)
(D,ay+D,) =1.4+0.1 mole Oe/emu,
G!.=0.13+0.05 mole Oe/emu.

The errors quoted above and henceforth are sta-
tistical and indicate two standard deviations.

Using (24) and (29a), the ground doublet splitting,
magnetization, and c-axis susceptibility were cal-
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culated for 4.2<T<Ty. The calculated curves are
shown in Figs. 6, 8, and 9. Generally speaking,
the fit is excellent over the entire temperature
range, indicating that doublet II, centered at 66 °K,
does not contribute significantly to M, and ..

In order to reduce the statistical errors given in
(29a), the data were further analyzed in three al-
ternative ways. Thus, at temperatures T
> AE (T)/kg, the set of equations in (24) can be
combined to give?®:3*

M (T)/ i ~20,[1+(D,ay+D,)'xE/2a,] . (30)

This linear expression was fitted to the M., x, data
in the 20 <T<80 °K range using only a, and
(D,ay+D,)" as adjustable parameters. Data taken
at higher temperatures were not used, as (27a)

is a poor approximation to u in this range.?®’ 3%
The best fit to (30) was obtained for
0,=-60+20 mrad, (29b)

(D,ay+D,)" =1.3+0.1 moleOe/emu.

For T/Ty<0.4, (S)~S, and (24a) can be written
as

AE (T)=Nglu2S(D,ay+ D)’

+IN(g2)?12G , tanh (Agea(f)> .6
B

Thus we may regard AE , as a linear function of
tanh(AE ,/2kpT) with two adjustable parameters
gi(D,ao+D,)" and (g)°G,. Taking g,=11.3, the
best fit to (31) in the temperature range 4.2<7T
<50 °K was obtained with

(D,a,+D,)" =1.4+ 0.1 mole Oe/emu, (29¢)

G’,=0.13 +0.03 mole Oe/emu.

Finally, we analyzed the values of g7 obtained
from the field-dependent optical data using (28).

’

The reduced data and best two-parameter (g}, G})
linear fit are given in Fig. 13. The strong tem-
perature dependence of the measured splitting fac-
tor is clearly evident. The fit shown was obtained
with

g/=11.2+0.3, G/=0.11+0.04 mole Oe/emu.
(294)

Summarizing, the best values for the parameters
given in (292)-(29d) are

a,=—-60+20 mrad,

g£:,=11.3+0.3, (32)
(D,a,+D,)" =1.4+0.1 mole Oe/emu,
G/=0.13+0.03 mole Oe/emu.

B. I'; phase

The T, or 8 phase resembles the I', phase in that
the effective field acting on an Er®* ion is along the
c crystallographic axis.!? The Cr-Cr interaction
Hamiltonian 3§, in the absence of an external
field, is simply

gcgr-Cr == (%NgbU‘B)zAslyS%a ’ (33)

A here being identical with the same coefficient

in (2) as the Cr-Cr Heisenberg exchange interac-
tion is isotropic. The y axis g factor is g,=2. In
the I, phase, all Er** moments are parallel or
antiparallel to the z direction, so 3¢5 is identical
with 3CEEr as given in (3) with H,=0. Since, how-
ever, the Er®* moments are in a ¢, mode in T, we
here have

<le>: <Jzz>:"<J33>=—<qu>- (34)

Finally, the Cr-Er coupling in the I'; phase is
completely antisymmetric, and S¢-Fr is given by

JCgI'EE (éN#B)nggzDs(J1z+Jzz —J3z— J4z)(51y— SZy) .
(35)

The only experimental quantity of interest is the
ground doublet splitting AE ; and, using (3) and
(33)-(35), we obtain

I I/
12.5H + . —
2:5 Er3 in

ErCrO3

Q@
L12.0 4 —
=)
I
)
~N
o
w
4
2
@ 1.5 —
<
*
= N
(@] g o

/1 '

1.0 ! L
0.0 0.5 1.0

XcEr (emu/mole)

FIG. 13. Effective optical splitting factor g%’ as a
function of the susceptibility xg' (see text).
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AE g(T) =g, pDs i + 3Ng3 135G g tanh[AE 4 (T)/2k 5T | ,
(36)
with
Gg=G,+G,-G,-G,. (37

The coefficients G; are the same as those given in
(3). Note that in (36) the quantities g, and G4 are
not renormalized.

Equation (36), of course, only applies when
4.2 °K< T<Tg. In this temperature range u is con-
stant and equal to 3 zN. Regarding AEg as a lin-
ear function of tanh(AE g/2kT), the best two-pa-
rameter fit to the experimental data was obtained
with

g:D;=16.9+1.2 moleOe/emu,
&2G5=20.2 +3.2 mole Oe/emu .

(38)

The theoretical curve obtained with these param-
eter values is shown in Fig. 6.

C. I'; phase

An analysis of the T',- or y-phase data is in
principle much more difficult than for the other
two phases. This is a consequence of the large
number of independent coupling coefficients al-
lowed by symmetry for this phase. In addition,
low ~-temperature (7 <15 °K) optical absorption data
are unavailable. We have therefore restricted our
quantitative analysis of the TI',-phase data to tem-
peratures greater than 20 °K, where Er-Er inter-
action terms will have a minimal influence. We
further assume that the canting angle is tempera-
ture independent, and that the dominant Er®* con-
tribution to the magnetization and susceptibility
is from electrons occupying the lowest-lying
Kramers doublet. The constant-canting-angle as-
sumption will be justified in Sec. IV. The equa-
tions appropriate to this model have been given
elsewhere,®! and we therefore present only the
results:

AE,(H, T) = uB[g§W71c0s9+Ha cosd)?
+g3(H,, sin6-H, sing)?]*/2, (39a)

M (T) =i2HIaol +m,

=+241| 0| + 3Ngp 5 tanh <%> ,
2% T

(39b)

_1 Nguj Z(AEY(T)
xa(T)—)\ + ik, T sech >

2k,T

Npile:-g%) AE,(T)
AL (T) ta““( 2k,T > :

(39c)

In (39), g¢ and g, denote the in-plane components
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of the Er®* g tensor in the principal axis system
shown in Fig. 14, H,, is the magnitude of the effec-
tive field at each Er3* site due to the ordered Cr3*
spins, and H, is the magnitude of the a-direction
applied field. The angles 6, ¢ are defined in Fig.
14, and g,, g are given by

g =(gicos’p+g? sin?¢)'/? (40a)
2 2 s .
|gicosfcosp — g2sinfsing| (40b)

&= (g cos?0+gisin®6)t/?
The ground doublet splitting AE, (H,, T) can also
be written in the form

AE,(H,, T)={[AE,(T)]* +2u s gH,AE , (T)

FugeH

where AE, (T), the extrapolated-to-zero-field
splitting, is given by

(41a)

AE,(T)= pg(g§ cos®6+g7 sin’ 9)1/2H71
:/J-BngyL' (41b)

Since H,, in (39) and (41) is due only to the Cr-Er
coupling, it follows that, in a single-ion constant-
canting-angle model, it is given by

Hylzﬁu’ (42)

where D is an average coupling coefficient. In
(39b) we have taken the magnitudes of the canting
angles in the I', and I', phases to be equal. This is
in accord with our earlier assumption that the
Dzyaloshinsky interaction is the mechanism pri-

a

FIG. 14. Local principal magnetic axis (¢£;,n;, &;) for
two inequivalent Er’®* sites in ErCrO, and effective fields
H, in the T'y(F,) phase.
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marily responsible for the canting. The plus or
minus sign is to be assigned according to whether
the Cr and Er contributions to M, are parallel or
antiparallel.

In analyzing the experimental results, we first
fitted (41) to the optical data shown in Fig. 7. The
quantities Egy, g, and g, were treated as param-
eters, and a best fit was obtained for

Dg,=11.3+1.1 mole Oe/emu,
£=0.4+2.0, (43)
2,=5.9+£0.6.

Using parameter values within the error limits
quoted in (43), (39b) could be satisfactorally fitted
to the data for M,. It was, however, not possible to
obtain simultaneously a satisfactory fit to the x,
data. This could be done by adding to (39¢c) a Van
Vleck type susceptibility term3®

XYV =(| P|?/6)tanh(5/2k 5T) . (44)

Here, 0§ is the crystal-field splitting between the
ground doublet and that elevated doublet of I/,
which dominates the Van Vleck contribution to y,,
and P is the off-diagonal matrix element connecting
these two doublets. Restricting ourselves to § val-
ues given in Table I, a best fit was obtained for

166 °K, i.e., by a Van Vleck contribution caused

by the mixing of the crystal-field doublets I and

II by H,,. Our final fit to all the experimental data
for the I', phase is shown in Figs. 7, 11, and 12,
and was obtained with the parameter values

Dg=11.3+1.1 moleOe/emu,
§-2.0:025,

5,=5.9+0.6,
| P|2/6=0.1+0.02 mole Oe/emu.

(45)

(Note that while Van Vleck terms in principle con-
tribute also to x,, they would there be of less im~
portance, as x. is considerably larger than yx,.)
We see that, while the fit is generally excellent
for T >15 °K, the extension of (39b) and (39¢) to
lower temperatures does not give a satisfactory
fit to the measured magnetization and susceptibili-
ty. We shall discuss reasons for this in Sec. IV.

IV. DISCUSSION

In our analysis of the optical and magnetic data
for I',-phase ErCrO,, we obtained the renormalized
Er-Er coupling coefficient G,. However, in order
to know to what extent the back-reaction mecha-
nism contributes to this quantity, an independent
determination of G, is necessary. In principle,

G, is due to a combination of exchange and dipole-

dipole interactions between the Er®** magnetic mo-
ments. Of these, the dipole-dipole contribution
can be evaluated directly. Since all our data are
corrected to disk-shaped samples with the spon-
taneous magnetization lying in the disk plane, the
appropriate demagnetizing factor is zero, and we
need include in our calculation only a dipole sum
over a spherical sample and a Lorentz term. Tak-
ing the necessary crystallographic parameters
from the literature® and using standard techniques,
we obtain

G%=0.17 mole Oe/emu . (46)

If the exchange contribution to the Er-Er interac-
tion is negligible, (26c) requires that G/ =GP,
with the equality holding only when D,/2\ <VG ,/x
=0.03. Thus, D, <9 moleOe/emu, and D,a,<0.6
moleOe/emu. Comparing (32) with (46) and taking
the probable error into consideration, we see that
G, ~G%, It then follows from (26b) and (32) that
the antisymmetric coupling term in (4) dominates
the Cr-Er interaction.

Returning to the exchange contribution to G/,
we can estimate its importance by considering the
T, phase. Here only the dipole sum term contri-
butes to the dipole-dipole interaction, and direct
calculation gives

G%*=0.16 mole Oe/emu . 47

If the exchange contribution to G, is indeed negli-
gible, it follows from (26a) that g,=g’. Under
these conditions (38) yields G3=0.16 +0.03 =G %P,
Thus our results, while they do not absolutely

rule out exchange contributions to G, and Gg, are
consistent with the following conclusions: (i) The
Er-Er interaction is predominantly of dipolar ori-
gin. (ii) The Cr-Er coupling in the I, phase is
predominantly antisymmetric in nature. A direct
calculation shows that the dipolar contribution to
this interaction is small, indicating that an anti-
symmetric (Dzyaloshinsky-Moriya) exchange mech-
anism is responsible for the coupling. The same
conclusion as to the Cr-Er antisymmetric coupling
mechanism is reached for the I', phase after a di-
pole calculation.

Conclusion (i) is also supported by studies of
Er-Er interactions in the isomorphic compounds
ErAlOQ; and ErFeO,. In ErAlO,, the Er* spin sys-
tem orders antiferromagnetically at 0.6 °K in a
¢, mode. This spin structure is consistent with a
dipolar origin for the Er-Er interaction.’” In
ErFeO,, Mdssbauer® and optical®? studies have
shown that the Er®* spin system orders coopera-
tively at 4.3 °K, again in a ¢, mode. Here also,
the dipolar interaction was shown to account for
the observed ground doublet splitting, indicating
that Er-Er exchange coupling is negligible 22" 3%
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However, recent work®®' % has shown that a con-
tinuous spin reorientation of the Fe®* spin system
occurs for T <4.3 °K, and the influence of this re-
orientation on the Er3* moments should also be
considered when analyzing the low-temperature be-
havior of Er®* in ErFeO;.

Conclusion (ii) leads immediately to the following
values for g, and the coupling coefficients:

£2,=11.3+0.3,

D,=1.4+0.1 moleOe/emu,
G,=0.13 +0.03 mole Oe/emu,
G=0.16+0.03 mole Oe/emu.

(48)

For convenience in comparing these results with
those reported elsewhere, the various effective
fields and optical splittings obtained from these
values are listed in Table III. Further, since D,
<« 9 moleOe/emu, we see from (17) that the T,-
phase canting angle in zero applied field is equal
to @, and is temperature independent. As the basic
nature of the Cr-Er coupling is expected to be the
same in the I'y and I, phases, this then justifies
our taking a to be temperature independent in the
T,-phase data analysis in Sec. IIC. A calculation
of the dipolar part of the Cr-Er interaction in the
T, phase shows that here also the coupling is pre-
dominantly of exchange origin.

From the discontinuity in the ground doublet
splitting at Tz, the difference in the anisotropy en-
ergy AK of the Cr3* spin system in the two phases
can be calculated. The spin reorientation takes
place at constant (zero) external field and tempera-
ture, with no apparent hysteresis; thus the mag-
netic analog of the Gibbs free energy

F=F@, T)=€ - To =(%) - To, (49)

is continuous at the phase transition.
For the ', phase,

FOL: —%'(uBN)ZA "'%(“'BN)ZDZ/A "Ka
— NkyTg In{2cosh[AE, (TR)/2ks T}
+3NAEET (0°K) tanh?[AE (Tg)/2k5 T], (50a)

where we have set (S) =S at 7=Tjy and have evalu-
ated the Er contribution to E, directly from the
partition function. [The final term in (50a) is to
compensate for the usual double counting in the
molecular-field approximation.?] Similarly, for
the ', phase,

Fp=-%(sNPr - Ky
- NkyTg In{2cosh[AE 4(Tg)/2ksTR] }
+3NAEET (0°K)tanh?[AE (Tg)/2k5Tg].  (50b)

Setting F,=F g in (50), and taking A =142 mole Oe/

TABLE IIl. Calculated Er®* ground doublet splittings
and effective fields at Er®* sites due to Cr-Er and Er-
Er interactions. The values given are for zero applied
field at 0 °K.

Effective field
(in kOe) due to

Ground doublet splitting
(in °K) due to

Phase Cr-Er Er-Er Cr-Er Er-Er
Ty(0) 9.6+0.6 3.8%0.6 12.6+1.3 5.0%+1.2
I‘Zch) 6.4+0.6 cee ces oo

Ty(F,) 8.9+0.6 3.1+0.6 11.7+0.8 4.1%1.1

emu, D=17 moleOe/emu, Tz=9.3 K, AE (T)/
kp=10.4°K, AEg(Ty)/kz=11.6°K, and AEET(0°K),
AEET (0°K) from Table III, we obtain

AK/Nkg= (K, -Kg)/Nkg=(~0.57+0.15) °K/spin
(51)

for the difference between the I', and I', phase
anisotropy energies at 7'=T},.

Similarly, we can calculate the latent heat TzAc0
=NTg(Aog +A0,), associated with the T, T,
spin reorientation. As Ao =0, we need consider
only the entropy change due to the Er spin system.
In the absence of an external field, we then have

TRA():AGEK— AFEr=A<3(;Er—Er+:KCr-Er> _AFEr’
(52)

where AEET and AF® are, respectively, the dif-
ferences in the magnetic enthalpy and free energy
of the Er®* spin system in the two phases. Using
(3), (4), (35), and the appropriate part of (50), we
obtain

TRAG=NkyTy [m( cosh[AE,(Tg)/2kpT g) > }

cosh[AE g(T5)/2ksT ]
—$NAE (Tg)tanh[AE,,(TR)/2ksT ] (53a)
+$NAE (T ) tanh[AE 4(TR)/2k5Ty],
TrA0/Nkg=(0.25+ 0.05) °K/spin. (53b)

This is in good agreement with the value of 0.2°K/
spin obtained directly from specific-heat mea-
surements.®

Turning to the I', phase, the analysis we pre-
sented in Sec. III C was based on a model applic-
able only to the temperature region above approxi-
mately 20°K, where the influence of the Er-Er
interaction is minimal. As seen in Figs. 11 and
12, extending this model to lower temperatures
results in magnetization and susceptibility values
significantly different from those found experi-
mentally. To obtain at least a qualitative explana-
tion for this low-temperature behavior, we note
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that in the T', phase the Er®" spins are in a f,c,
mode.'? In a molecular-field framework, the Er-
Er interaction can be written in the form® -2+

@CEr=FT) = 3Gy ym2 ~§Gyym} - Gysmem,,  (54)
where
ma=é'gx“‘EN<J>7 mb:%g'y’J‘BN<J> (55)

are, respectively, the components of the Er®* sub-
lattice moment along the @ and b crystallographic
axes. The effective g factor g, was defined earlier
in (40a), and g, is given by

g,= (g3 sin®¢ +g% cos?¢p }/2. (56)

If we assume that the I', Er-Er coupling is also
of dipolar origin, the three interaction constants
Gy; can be calculated directly. Using the method
described at the beginning of this section, one ob-
tains

Gy,=0.19, G,,=-0.18, G,;=0.027 moleOe/emu.

(57)
The results of the dipolar calculation show that
H5T T will increase M,(T') above the value ob-
tained with H,, alone. This is clear from (57),
which shows that the dipolar coupling favors f,
over ¢, for the Er®* T',-phase spin structure.
The resulting increase in M, (T') is thus not due
only to an increase in the magnitude H, of the ef-
fective field, but also to a change in the angle 0
between ﬁ7 and the £ axis. This change in 0 will
be reflected in an increase in the effective g-factor
£ appearing in (39b), and in a corresponding in-
crease in M, (T'). In addition, although the expres-
sion for X, (T') given by (39c) is no longer com-
pletely adequate in the presence of Er-Er coupling,
we see that an increase in g will increase the co-
efficient of the sech?[ AEY(T)/ZkBT] term and
reduce that of tanh[ AE, (T')/2k,T]. This shift in
the relative contributions of these two terms could
then result in a peak in X, (T') at low temperatures.

We thus see that adding to the I', phase Hamil-
tonian an Er-Er coupling term of dipolar origin
could explain the low-temperature behavior of the
magnetization and a-axis susceptibility. However,
in view of the large number of unknown coefficients
and the lack of I',-phase optical-absorption data
below T =15°K, we did not feel that a full quanti-
tative analysis was justified.

A summary of our results for ErCrQ, in the
r',T,, and I', phases is given in Table IV. In ad-
dition, we give the corresponding values found in
other studies and also the results of similar
studies on ErFeO,. In general we see that the
results for the crystal-field properties of the
orthochromite and orthoferrite are quite similar.
In addition, for both compounds, the Cr-Er cou-

pling is essentially due to antisymmetric ex-
change,*! while the Er-Er interaction is dipolar.??'3

A comprehensive theory of spin-reorientation
phase transitions in the rare-earth orthochromites
and orthoferrites has been given recently by Yama-
guchi.*? His treatment differs from ours in several
respects, the most important of which is that
Yagamuchi does not include in his Hamiltonian
rare-earth—rare-earth coupling terms. The justi-
fication for this is that these are expected to be
small compared with transition-metal-transition-
metal and transition-metal-rare-earth coupling
terms. However, it is clear that the quantities
that enter into the spin-reorientation process are
the differences in the magnitudes of the various
free-energy contributions in the initial and final
phases. In the case of ErCrO,, for example, it
is the difference in the contribution of the Cr-Er .
term to the free energy in the I', and T'; phases
that should be compared with the difference in the
Er-Er free-energy contribution. On this basis,
our results show that Er-Er coupling is not neg-
ligible. In fact (see Tables III and IV), the Cr-Er
and Er-Er contributions to the abrupt change in
the ground doublet splitting at the spin-reorienta-
tion temperature are approximately equal. Since
Yamaguchi’s model emphasizes the role of transi-
tion-metal-rare-earth coupling in a spin-reorienta-
tion process, this model is most suited to the study
of reorientations that occur at higher temperatures,
where the rare-earth—rare-earth contribution will
indeed be of minor importance.

Another recent study of magnetic interactions in
the orthochromites is that of Cooke eZ al. on
GdCrO,.* This compound exhibits a spontaneous
spin reorientation between the 1"2 and I', phases.
Cooke et al. find that the Cr-Gd coupling is aniso-
tropic with effective fields of 5.5 and 6.4 kQOe for
the I', and I, phases, respectively. Note that the
anisotropy in the effective field is of the same
order as that found between the I', and T', phases
of ErCrO, (see Table III).

Finally, we note the work of Walling and White**
on HoFeQ,. These authors also conclude that the
transition-metal—-rare-earth coupling is predomi-
nantly due to antisymmetric exchange, and that
the rare-earth—rare-earth coupling is not neg-
ligible at temperatures below 30 °K.

In conclusion, by means of combined absorption-
spectroscopy and bulk-magnetization measure-
ments, the magnetic properties of ErCrO, have
been studied as a function of temperature and ex-
ternal field. We have found that these properties
can be understood in terms of a single-ion model
which treats the interactions between the electrons
occupying the lowest-lying Kramers doublet of the
Er?" ion and the Cr3* and Er®* spin systems by
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means of effective fields. For the I', and I'; phases
the most general coupling terms allowed by sym-
metry were considered, and the canting angle of
the ordered Cr3* spins was not contrained a priori
to be temperature independent. It was found that
the Cr-Er coupling is antisymmetric in nature and
due mainly to a Dzyaloshinsky-Moriya type ex-
change interaction. For this type of interaction,
the Cr3* canting angle is indeed essentially tem-
perature independent, and this conclusion there-
fore justifies the constant-canting-angle approxi-
mation used extensively in the literature.!®"'” The
Er-Er coupling term was found to be of dipolar
origin. It was shown that this interaction resulted
in a significant temperature dependence of the ef-
fective splitting factor deduced from optical-ab-

sorption measurements. For the 1"2 phase, both
the optical-absorption and bulk-magnetization data
for temperatures above 20 °K were interpreted in
terms of a constant-canting-angle model for the
Cr-Er interaction. At lower temperatures it was
argued that the dipolar Er-Er coupling must also
be considered.
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