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Spectroscopic study of the field-induced spin reorientation in ErCrQO;
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Using the optical Zeeman absorption spectrum of Er’* and Cr’** in ErCrO,, the field-induced spin
reorientations between I';, I';, and T, phases are investigated extensively. The data are analyzed using a two-
sublattice molecular-field model. It is concluded that not only the antisymmetric exchange interactions
between Cr’* and Er’* ions, but also the anisotropic symmetric ones are responsible for the spin
reorientation. Comparing the ground-doublet splitting of the Er** ion between the T';, Ty, and T, phases, the
anisotropic symmetric part is separable from the predominant antisymmetric part. The anisotropic-symmetric
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to the antisymmetric-part rate is about 0.33.

I. INTRODUCTION

The magneto-optical properties of rare-earth
orthochromites RCrO,, where R can be yttrium
or a rare-earth, have been extensively investi-
gated in recent years. Aoyagi et al.! first re-
ported direct observation of Davydov-split ex-
citon lines associated with the Cr® R excitation
on YCrO,. Later, Davydov splittings have been
observed by Meltzer? in the absorption lines of
ErCrO,;, and HoCrO,.

On the other hand, it is well known that the
RCrO,, as well as the rare-earth orthoferrites
RFeO,, show interesting magnetic properties
such as spin reorientation (SR) induced by the
temperature and magnetic field.

In RCrO,, there are three types of magnetic
interaction, Cr3*-Cr3+, Cr3+-R%*, and R%*-R3*, each
of which generally consists of the isotropic, the
anisotropic antisymmetric, and symmetric super-
exchange interactions. Yamaguchi et al.>* have
shown that the anisotropic parts of the magnetic
interactions between Cr®* and R3* are generally
responsible for SR.

Optical spectroscopy is one of the most power-
ful methods to study the SR of RCrO, microscopi-
cally. One of the reasons is that the magnetic-
symmetry change associated with SR is directly
reflected in the selection rules of the polarized
absorption spectra.?:® The other reason is that
the parameters of the magnetic interactions can
be directly estimated through the analysis of the
observed spectra of Cr®* and R*, especially R,
As the optical spectra of R*" are generally sharp,
the effect of magnetic interactions between Cr®*

and R*, and R* and R*, is reflected sensitively
in the spectra. ErCrO, is one of the suitable ma-
terials for the spectroscopic study.

There have been several quantitative studies of
the SR of ErCr0,.%'" These studies, however,
are not completely satisfactory from both the ex-
perimental and the analytical viewpoint since the
magnetic phase diagram of ErCrO, is not deter-
mined completely owing to the lack of measure-
ments for the T', phase, and the anisotropic parts
of the magnetic interactions between Cr3* and R3*
are not fully taken into account in the analysis.

The purpose of the present paper is to report a
detailed spectroscopic study of the SR, enough to
determine the magnetic phase diagram, and a
more reasonable analysis by taking into consider-
ation all the magnetic interactions between Cr®*
and Er®", allowed by the symmetry.

ErCrO, hasbeen studied by neutron-diffraction,3°
bulk-magnetization, and susceptibility measure-
ments,® ™ specific-heat,?’ > Méssbauer measure-
ments,*® and optical-absorption spectroscopy of
Cr®" and Er®" energy levels.® 7+

We briefly summarize the important properties.
The crystal has an orthorhombically distorted
perovskite structure (space group D3¢ —Pbnm)
with four molecules per unit cell. The point sym-
metry of the Er®* site is C,;,. The chromium ions
below Ty, =133 K order antiferromagnetically with
a weak ferromagnetic moment, in Bertaut’s no-
tation'>*1,(G,,A,,F,; FF). InFig. 1, the various
spin configurations of ErCrO, are shown. At Ty,
=9.3 K, ErCrO, undergoes a spin reorientation
from I', to T';(4,, G,, C,; CE) where the weak fer-
romagnetic moment disappears. The transition is
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FIG. 1. Spin arrangements of orthochromites in the
two-sublattice approximation. The long arrows labeled -
1, 2 denote chromium, and the shorter ones (also 1,2)
rare earths. ¥ and ® are canting angles of the chromi-
um and rare-earth spins, respectively.

of first order. Below T;, the I', phase can be re-
covered by applying a small external field along
the ¢ axis.

The third spin configuration I, (F, , C,, G,; FEF, CF)
can be induced in ErCrO, by an external field along
the a axis. Above T, , the field-induced SR has
been observed from I', to ', by magnetization mea-
surements®' ! and by optical measurements.5*
There is an inconsistency, however, between the
magnetization results® and the SR optical measure-
ments' from I'; to T', below T, . The former re-
sult is that SR was observed with a magnetic field
of 28 kOe along the a axis at 4.2 K. On the other
hand, the latter result is that no SR was observed
up to 43 kOe. In this paper, we describe an ex-
tensive optical study of the field-induced SR among
r,, T';, and ', phases.

Following the experimental results in Sec. II, a
two-sublattice molecular-field model is described
in Sec. IITA. By using this model, the field-in-
duced SR’s from I'; toT', and from I, to T, are
analyzed in Sec. III B and IIIC. The importance of
the anisotropic symmetric exchange term between
Cr® and Er®" is emphasized as well as that of the
antisymmetric one. In Sec. IV we summarize the
results.

II. MEASUREMENTS AND RESULTS
A. Experimental

Single crystals of ErCrO,; were grown by the flux
method, using PbO and PbF as the flux. The crys-
tallographic axes were determined by the Laue
method. Flux free crystals were cut and polished
to platelets having (001) and (110) faces, whose
thicknesses were about 30 to 300 ym.

For the spectroscopic study a Nippon Bunko 1-m
grating spectrometer and a Spex 1800 §-m grating
spectrometer were used with a HTV R-636 photo-
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FIG. 2. Optical-absorption spectra of Er* in ErCrOy
for || 2 with Hy||2. I refers to the lowest Kramers
doublet of the 45,5, anda, b, c, d, e, and f to the
Kramers doublets of the *Hyy/,. The arrow at one of
the I-a lines shows the transition from the upper-
ground doublet of I to one of the excited doublets of a.

multiplier. Photoelectric signals were amplified
and converted into logarithmic scale by a home-
made log amplifier, and recorded with a strip
chart recorder. »

A 20-kOe electromagnet and a 150-kOe super -
conducting magnet were used to obtain the mag-
netic field dependence of the spectrum. For the
measurements below 4.2 K, the sample was im-
mersed in liquid helium and for the measurements
above 4.2 K, the sample was mounted in a vari-
able-temperature Dewar in which the sample was
surrounded by helium-exchange gas. The temper-
ature of the sample was monitored by a Ge therm-
ometer and a carbon resistor mounted near the
sample. The fluctuations of the temperature dur-
ing the measurements were negligible.

The absolute wave number was calibrated using
a low-pressure mercury and neon light source. -

B. Field-induced SR fromI'; to I,

Figure 2 shows typical absorption spectra cor-
responding to %I 15/2-H11/» transitions of Er®" ions
with the field parallel to the @ axis. Below liquid-
helium temperature, only the transitions from the
lowest Kramers doublet of the *I,,, ground state
I to the six Kramers doublets of °H,,,, labeled as
a, b, c, d, e, and f in' order of increasing energy,
can be observed. .

Figure 3 shows the Zeeman spectra of the I-a
and 7-b transitions, The spectra shift linearly as
a function of the external magnetic field H, except
at Hy=H.. At H,=H_, no discontinuity is seen
within experimental resolution, but the spectros-
copic splitting factors, in other words, the effec-
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FIG, 3. Optical-absorption spectra of Er3* in ErCrOg
with Hol| 2. In the I-b transition, the spectrafrom the
upper ground doublet to the excited b doublet are hidden
in the linewidth. The field dependences of the I-c, I-d,
I-e, and I-f transitions are similar, and are not shown.

tive g values of these levels change. From the /-a
transition, the ground doublet splitting AE of Er3*
can be observed directly, which is an important
parameter to estimate the magnetic interactions in
ErCrO,. Figure 4 shows the observed AE as a
function of H, along the a axis. Also shown are
the results in the I', phase at higher temperature.®

Except at H,, no anomaly of optical spectra of
Er®" is observed with fields up to 150 kOe. We
assume that the field-induced SR from I'; to T,
occurs at Hy=H.. To confirm this, we observed
the well established Cr®" exciton lines as a func-
tion of H, along the a axis, which are illustrated
in Fig. 5.

Comparing the polarized spectral data of the
Cr®* exciton between I';, T',, and I', states of
several RCrO,,? and by theoretical analysis con-
sidering magnetic symmetry under applied mag-
netic field, it is concluded that the field-induced
SR from I'; to I", occurs in the regions of H,=H,.
Two extra weak absorption lines, one of which is
shown by a white arrow in Fig. 5, are observed
near, but below H,. These lines are not identified
and remain to be explained.

Figure 6 shows the experimental results of the
temperature dependence of the reorientation field
fromI", toT',. Also shown are the results of the
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FIG. 4. Observed ground-state splitting, AE, of
Er®* ions with Hy/|4. The black circles are our data,
and the other data are by Hasson et al. (Ref. 14). The
solid, dashed, and the dotted curves are the best-fit
results of the calculations. The dash-dotted curve is the
result without taking into account the a2 term. For de-
tails, see text.
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FIG. 5. Magnetic field dependence of the Cr3* exciton
spectra in ErCrOj for H||4 with Hy||Z. The critical
field is 30 kOe at T=5 K. (I'{,T3) in Ref. 5 is the
notation for the exciton states in the I'; phase under a
magnetic field, while A ; and A are the notation for
the Ty phase.
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FIG. 6. Magnetic phase diagram of ErCrO; as func-
tion of temperature and external magnetic field along
the @ and ¢ axes. Also shown are published data by

other authors (Refs. 6, 11, and 14).

other authors.®>™1* QOur results are slightly high-
er than that of Hassons. The extrapolated value of
the reorientation field H, to 0 K is about 37 kOe.

C. Field- and temperature-induced SR from I'; to Ty

We observed the field-induced SR from T, to
T', under the magnetic field H, along the ¢ axis.
Figure 7 shows the field dependence of the optical
spectra for the *I,;,, - °H,,,, transition. As is
clearly shown, several lines split into two lines
near H,=1 kOe. This effect is considered to come
from the coexistence of two phases, I', and T',,
due to the demagnetization field when the external
magnetic field approaches the reorientation field.
In the T', phase, the induced net magnetization is
small under applied magnetic field and the demag-
netization field is negligible. Our result for the
reorientation field from I"; to T', is 1.0 kOe at
1.51 K.

We also observed the temperature-induced SR
from I'y to I, with H, parallel to the a axis. When
H, is zero, the observed transition temperature
T, from T, toT, is 9.3+0.2 K and this is con-
sistent with the Courths result.** In the I, phase,
it is well established that Cr®" and Er®" spins ro-
tate continuously and the net moment rotates con-
tinuously in the a-c plane when the magnetic field
is applied from zero along the a axis. The mag-
netic symmetry in this case is not I",, but I",, with
H,|l 4. Therefore, strictly speaking, we observed
the temperature-induced SR from I", toT',,. The
magnetic phase diagram of ErCrO, deduced from
the optical observation is shown in Fig. 6, as a
function of temperature and magnetic fields along
the a and ¢ axes. The observations of the crossing
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FIG. 7. Optical spectra of the I;5,,~%H,,,, transitions
of Er’* in ErCrO; with Hy||& and Ey[[¢. The notations I
and a~f refer to Kramers doublets of 5/, and of *Hy, /,,
respectively. No demagnetization correction is made.

point of the two phase boundaries, I'; -T', and
I', - T',, were not carried out because of the need
of higher resolution.

III. ANALYSIS
A. Model and general formalism

The Hamiltonian of our system is given as fol-
lows:

3C =5CCr +3¢Cr ~Er +3CEr , (1)

where the first term represents the Hamiltonian
for Cr® ions, the second that for the interactions
between Cr®* and rare-earth ions, and the third
for rare-earth ions.

Yamaguchi® discussed the most general expres-
sion for the Hamiltonians of orthochromites and
orthoferrites using group theoretical consider-
ation, and gave the explicit form of the first and
the second terms of Eq. (1), using the four sub-
lattice approximation. The theory dealt with SR
in which the 3CCr "Er term is most important, so
that the contribution of 3C¥* was neglected.

On the other hand, we treat the field-induced
SR at lower temperature than Tg,, and cannot
entirely neglect the third term 3CEr. In the follow-
ing, the explicit mathematical form is written
down in the two sublattice approximation, because
the essential results do not differ from that of the
four sublattice one. This makes the following dis-
cussions more transparent.

The Hamiltonian of the interaction of Cr®" spins
is

gecr =78, + 8, +D (Sy. Sz, = 51, 2.)
—3K(S%, +S2,) —3gu; (5, +8,)+ H,. (2)
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§1 and §2 represent the average spins of Cr®" sub-
lattices one and two, respectively. The first and
the second terms are the isotropic and the anti-
symmetric exchange, respectively, the third term
represents the single ion anisotropy, and the last
the Zeeman interaction. The g value of the Cr®*
ion is regarded as isotropic.

The term JCCr "Bt consists of the isotropic, the
anisotropic-antisymmetric and symmetric-ex-
change interactions between Cr®" and Er®* ions

3o Cr =3 J (—§1 +§z) . (§1 +§2)

-3 Z f)ik' (§iX§k)
i,k=1,2

-> ~

S;*84°S,, ®3)

N

+
- - i,Rk=1,2 .

where S, and S, are the average spins of Er®" sub-
lattices 1 and 2, respectively. In our model, Er®
is treated as a fictitious spin, with S=%. The vec-
tor components of ﬁik and the tensor components
of E‘k in our approximation can be easily obtained
from Yamaguchi’s result [see Table I(e), I(f) in
Ref. 3]. The previous works®'!* did not take into
account the anisotropic-symmetric interactions,
the third term in Eq. (3). However, it will be
shown to be important for the analysis of the SR
in ErCrO;. Our results are given in Tables I(a)
and I(b).

The third term 3CEr is given as follows:

e =8, J3 S 45 D, §odh 5, -D' - (§,%8)
R=1,2
1 =y B oa X
-3 Hy@° S, +8° S,), (4)
TABLE 1. (a) Antisymmetric-exchange-interaction
constants between Cr and Er spins. (b) Anisotropic-sym-

metric-exchange-interaction constants between Cr and
Er spins.

- (a) =
5, Sy
5 (Dy, Dy, D) (=D, Dy, -D,)
5, (=D, =Dy, D) (Dy, =Dy, —=Dy)
(b)
aJu: &xy azx axx _&xy ézx
5y aw &yz .5:vy "E.vz
aza aZZ
5xx ‘;xy _azx axx _axy "azx
Sy dyy —Qyz Qyy  Qyz

Azz Azz

where the terms represent first the sum of the
isotropic exchange and the anisotropic-symmetric
exchange between the 1 and 2 sublattices of Er®,
second the sum of the isotropic exchange, the ani-
sotropic-symmetric exchange within a sublattice
and the anisotropy energy, third the antisymmetric
exchange and fourth the Zeeman interactions. §j-
and g, are §-tensors of Er®" in sublattices 1 and 2,
respectively. .

The components of J,, J,, D, &, and &, can be
derived from the magnetic symmetry and are
shown in Tables II(a), II(b), and II(c).

The free energy of the system described by Eq.
(1) is defined as

F=(%)-To, (%)

where (3C) is the thermal average of the Hamil-
tonian, T is temperature, and ¢ is the magnetic
entropy of the system.

To calculate the free energy, we use the mole-
cular field approximation and replace the mean
value of the products of spin operators such as
(§;+§;) by the product of each mean value (§,)(§;).
Furthermore, the classical spin approximation is
adopted. The detailed treatments are given in
Refs. 4 and 6. Below we show only the important
formula for analysis of the data.

By minimizing the free energy with respect to

TABLE II. (a) The components of the coupling tensor
Ji and J5 between Er sublattices in the two-sublattice
approximation. (b) The antisymmetric coupling constant
between Er sublattices. (c) Effective g tensors of Erd*
ions.

- () -
S S,
Joxx ) oy 0 /P 0
g1 Jf’. xy Jé yy 0 0 Ji »y 0
0 0 Jhe 0 0 Jiz
J;. xx 0 0 EIE xX Jé xy o
éz 0 i vy 0 _Jé xy J'Z ¥y 0
0 0 Jiz: 0 0 J2zz
(b)
5 (0 0 Dy
(c)
&Gux &y O Sx —8&y O
S1 Buy 8y O . —%y &y O
0 0 g 0 0 gz,
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(8) and (§), the well known formulas are obtained
as follows:

l<§i>|/so =Bya(gitp SoHS" /kpT), (6)

where
I or =~ a(“)

gIJ‘BHt9 __3<§;> (7)
and

K81 /80 =Byyataol 5 He ¥ /), (8)
where .

b B =S ©)

Bg is the Brillouin function of spin S, and H$* and
HE are the effective field of Cr®* and Er®* ions in
the sublattices ¢ and k, respectively. S, repre-
sents the magnitude of the Cr®" spin and S, for the
Er® spin and kp is the Boltzmann constant.
Equation (6) implies that the magnitude of the
Cr® sublattice magnetization |(8)| is a monotoni-
cally increasing function for temperatures below
Ty;. Since we analyze the data only at sufficiently
lower temperatures than Ty,, |(§)| can be treated
as independent of temperature and is given
as S, in Sec. Il B. However, the magnitude of the
Er® sublattice magnetization |(S)| depends on tem-
perature and is an important parameter for treat-
ing the magnetic properties of ErCrO, at lower
temperature.

B. Field-induced SR from ' to T,

In this section, we investigate the observed
abrupt spin reorientation from I'; to I', under ex-
ternal magnetic field along the ¢ axis. As shown
in Fig. 8, we assume the I';, spin arrangement at
first, calculate the free energy F,, in the T',, phase
and find the stable spin arrangement by minimiz-
ing the free energy as follows:

(S1,) ==(S5) =S, cosb cosy, (10)
(8.0 =8,
and
(S,,y=Scosd (0<d<m), etc.
where ¢, 6, and ® are the canting angle of Cr®*
spins, the spin rotation angle of Cr®* and Er®*

spins, respectively, as shown in Fig. 8. Then
F,, at T=0 is given as

Fu=Fij +F ™™ +Ff, | (1)

where

Na

FIG. 8. Spin arrangement in the assumed Ty, state.
Long arrows represent Cr?* spins and short arrows
Er’* spins. The external field is applied along the ¢
axis. The state at 6=0 corresponds to the I’y phase and
0= 1r-§- to the Ty phase.

F§j = -JS;cos2p —~D,S2sin2y cos
—KS3 cos® cos?6 + g S, singH,, etc.
(12)

From the conditions that minimize the free energy

%W 00 2%

two stable spin arrangements are obtained as fol-
lows:

$=(2D,S,+2JS - gugH,)/4JS, ,

14
9=3=0, (14)

which corresponds to the I", phase, aﬁd
Y=—gupgH,/4JS,, 6=3m, ®=m, (15)

which corresponds to the I'; phase.

In these calculations, the order estimation of
various exchange constants and that of the single
ion anisotropy constants such as J, D,, K, J, etc.,
by Yamaguchi was used and higher order terms
were neglected (see Table II in Ref. 3).

Neglecting terms of higher order than €2, the
free energy in the I', phase F, normalized by S5,
is
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F,=-(J+D%/2J +K) +2(D] +d,,) S

+ae+ Thoe =J°/2d) S? — g, upH, /Sy, (16)

where
D! =D,-(J/2J)D,, (17)
S=(8)] /8, . (18)

Similarly the normalized free energy F, in the
T, phase is obtained as

Fy==J =20, -a,,)S - (J},, -J},.) S (19)

The ground state splittings of Er®" are then cal-
culated in our model, using Eqgs. (7) and (9). The
results are as follows: The ground-state splitting
AE, in the T', phase is

AE,=-2(D" +a,,) Sy = 2}, + Jb,, —J2/2d) S, S
t8zzMp (1 —jg/Zngz)Ho ’ (20)

and the ground-state splitting AE, in the I', phase
is

AE,=2(D, -4,,) Sy - 2%, = J5.) SoS - (21)

Note that the ground-state splitting of Er®" at
H,=0 has two contributions, the first one comes
from the Cr®*-Er®" coupling and is independent of
temperature at low temperature, while the second
one comes from Er® -Er® couplings and depends
upon temperature,

To calculate the free energy in each phase, we
determine various exchange parameters and the
single-ion anisotropy energy as follows. The Néel
temperature Ty, is determined by the strongest
exchange interactionJ. In the simplest molecular-
field approximation, J is given by

T =3K, Ty, /25,(So+1). (22)

For ErCrO,, Ty, =133 K and S,=%, then J=53.2 K.

From the magnetization measurement®* in
ErCrO;, D,=3.72 K and K =0.014 K.

From the observed ground-state splittings AE,
and AE,, all other coefficients in the free energy
in Egs. (16) and (19) can be determined independ-
ently. Courths et al.’* extensively measured AE,
and AE, as functions of temperature and applied
magnetic field. We also observed them and agree
with their results. Therefore, we use their re-
sults below.

Then comparing the above results with the Egs.
(8), (18), (20), and (21), these coefficients are
determined as follows:

KURITA, AND K. TSUSHIMA 19

D, -a,,=3.28(x0.05)K,

D' +d,, = -2.85(x0.05) K,

7
Jl 2z

-J!

2zz

=3.62(x0.34) K,
J/2J = (T}, +JIh,,) =3.57(x0.33) K,

and from their Zeeman measurement, g,
=11.4(x0.4), where JJg/2Jg,, in Eq. (20) is neg-
ligible from the smallness of J/J ~€.

Thus, as all the coefficients of the free energy
are obtained, the magnetic field dependence of the
free energies in the I', and I'; phases can be cal-
culated as shown in Fig. 9.

As shown clearly in Fig. 9, the field-induced SR
from I’ to T, occurs at H,=H.. The calculated
value of H, is 0.87(+0.03) kOe. The agreement with
the experiments is fairly good in spite of no ad-
justable parameters introduced in this calculation.
The entropy term can be neglected at T=1.5 K in
comparing the free energies in each phase.

F
(K)
05 1.0
o] + t Ho
L
Hc =087 kOe
-2.4
r I,
N
N
\\ T=15K
N o
-es - N Fa Ho 7c
N
N
N
AN
AN
N
3 AN I

-2.6- F

FIG. 9. Calculated free energy F, in Ty (long-dash
line) and F{ in T'| (short-dash line), using the formulas
(18) and (21). The origin of the ordinate is set at —J.
The field-induced SR fro: . T to Ty occurs at Hy=H,.
The solid line shows the energy of the stable states.



19 SPECTROSCOPY STUDY OF THE FIELD-INDUCED SPIN... 281

C. Field-induced SR from I'; to I,

The analysis of the I', phase is more difficult

than that of the other phases, due to the large num-

ber of independent coupling coefficients allowed by
symmetry in the T', phase. However, using the
optical-spectroscopy data in the I', phase, most of
the coefficients can be determined and the result
of the field-induced SR from I'; to I', can be ex- '
plained quantitatively as follows. First, the free
energy of the I';, phase under the external mag-
netic field is considered. With similar calcula-
tions to those of Sec. IIIB, two stable phases and
spin arrangements, I'; and T',, are obtained. One
is

6=0, (23)
$=(JSsin® — guyH,/2S,)/2J , (24)

20D, -d,,) tan®
+28 [y + The) + U e =T hse) =J 2/2J] sind
=ppHo( g =g /20)/S, , (25)

which corresponds to the ', phase, and the other
is

The normalized free energy F, is

0=3m, (26)

V=D, +JSsin® — guyH,/25,)/2J, (27)

200, +a,,)tang +2(D}, - 4,,) +2S »
X[y + Thyy) + Ty =Th) —J 2/2J] sind

2yy

+25(J% ., +D") cos2®/cosd
=pHo( g —Jg/2d - g,, tand)/S, , (28)

which represents the I', phase.

Note that the canting angle of the Er spins, @,
is a function of applied field H, along the a axis
as shown in Egs. (25) and (28). It is shown that
& tends to zero when H, approaches zero in the
I', phase. However, & does not tend to zero even
when H is zero in the I', phase, because in gen-
eral the molecular field of the Er®" spins in the
phase is canted in the x-y plane.

Using the parameter ®, the free energy and the
ground-state splitting of the Er®" ions in each
phase can be simply described as follows.

In the T'; phase, the ground-state splitting AE,
is given as :

AE, = 2(Dx "zy_z ) So+ Z(Jizz "'Jézz) SoS . (29)
cos®

Fy=-J =20, - a,,)Scosp —J 252 5in?® /2J +8?[(Jly, + I hyy) SIN?® — (J},, ~J,.) cOS?®]

—upH( g ~dg/2J) S sind /S, — g2u2H2/8JS, . (30)
AE,=[2(D, +a,,) So+ 2}y =J5y,) SoS + 1 g & yHol /cos® . (31)
The normalized free energy F, is .
F,=-(J+D%/2J) +2(D' - d,,) S sin® - 2(D, +4a,,) S cos® - J 2$% sin’®/2J
+ 82 [T e + The) SIN°® = (T4, ~J5,,) cO8’® +2(J}, +D}) sin® cos®]
~lpH( gy —gJ/2J)Ssin® /Sy — upH,g;,S cos® /Sy + (D, /2J) gl gHo /S, — g 2L2HE /8JS, . (32)

It should be remarked that there are several
notable differences in the coefficients of AE, and
F, in the T, phase from those in I'; and T", phases.
In the Cr-Er coupling coefficients, D, — a,, in the
T, phase and DY +d,, in T, convert to D, +d,, and
D} -a,, in the I', phase, respectively. These
changes are important for the analysis as shown
later. Secondly, for the Er-Er, coupling coef-
ficients, the xx, yy, and xy components of the J}
and J}, tensors and the antisymmetric exchange
term D/, are involved in the T', phase, although,
only the zz and xx components of J} and J}, appear
inT'; and ', phases. The last notable points are
related to the anisotropy of the g tensor of the Er

jons. Not only the diagonal xx component but also
the off-diagonal xy component of g, is involved in
the T', phase with H,|| 4.

The above coefficients are determined from the
observed ground-state splittings of the Er®*" ions,
in Fig. 4 as follows. It was shown that the data
between 15.5 < T'<30 K was nearly temperature
independent and that at 4.2 K the splitting was
slightly larger than the simple extrapolated values
of these data at higher temperatures. We assume
that the energy difference comes from the Er-Er
coupling terms. So these data show that Er-Er
coupling can be neglected for 7>15 K, and that
this coupling gives a niinor effect even at lower
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temperatures in the I', phase.
We begin the analysis of data at higher temper-
atures without considering the Er-Er coupling
terms. By putting the Er spin polarization param-
eter, S, to zero in Eqgs. (28) and (31), one can
calculate ¢ and AE, in the I', phase as a function
of H,, where g, and g,, are treated as adjustable
parameters.
If one assumeg that the @ term is negligible com-
pared with the D term, and using the values D,
=3.28 K, and D, =-3.62 K, following the result in
Sec. III B, the result drastically deviates from the
experimental result. One example is shown by the
dash-dotted curve in Fig. 4 with parameters g,
=4.6, g,,=0. The calculated results of AE, are
always too large.
Therefore, this fact shows that the 4 term can-
not be neglected and that it reduces the ground-
state splitting in the I', phase. Then we introduce
a reduction factor and assume
15:: +dyz= a(ﬁx - dyz) ’
~ (33)
Dy"ﬁzxza(Dy'*'azx),

where « is treated as an adjustable parameter.

The best fitted result is shown by the dashed
curve in Fig. 4 with

2. =4.60, g,=0.0, 0=0.499.

The agreement is excellent. This result shows
that the effective field at the Er spins induced by
the & term, which has been neglected, is fairly
lar_ge and is about 0.33 of the effective field due
to D term in ErCrO,. Both terms give rise to
the effective fields which are orthogonal to those
of the J term and act as the driving force for the
SR to occur,

Secondly, we analyze data at 7=4.2 K, taking
into account the minor Er-Er coupling terms. We
assume uniaxial anisotropy in the J} and J} ten-
sors, i.e., Ji., =dJ1,,, Jhe =J4,, and neglect the
off diagonal component J3,, and the antisymmetric
term D/, for simplicity. We further assume that
the J} and J}, tensors are similar figures, i.e.,

Ty /T e =% e /Th... Using the Egs. (8), (9), (18),
(28), and (31) and using parameters, formerly
determined by experiments, one can calculate
AE, and the best fitted result is shown by the solid
curve in Fig. 4 with parameters as follows:

Jh,,=-3.60 K, Jj,. /T, =-0.23K,
Ji=0, J/J=0,.

Similar calculations with the determined param-
eters in the I", phase are performed and the re-
sult is shown by the dotted curve in Fig. 4. The
agreement in lower fields is satisfactory, but not
in higher fields. This result remains to be ex-

plained.

Finally, using the Eqgs. (30) and (32), one can
calculate the free energies F, and F, in the I'y
and I', phases as a function of H,, respectively.
One can also obtain the critical field H,. The
results are shown in Fig. 10. The solid curves
are the ones at 7=0 K and the dashed curves are
the ones at T=4.2 K. The magnetic entropy differ-
ences can be neglected in this case because the Cr
entropy is negligibly small at low temperatures
and the Er entropy is a function of the ground-
state splitting AE, which shows no discontinuity
at the SR point from I'; to I',. The calculated H,
is 40 kOe at 7=0 K and 37 kOe at 7=4.2 K, which
agrees excellently with the experimental results.

IV. CONCLUSIONS

The field-induced SR of ErCrO; has been ob-
served by means of optical absorption of the Er®*
and Cr®" ions. Under a field applied along the a
axis at low temperature, SR from I'; to T',, is ob-
served. No discontinuity of the ground-doublet
splitting is observed with Er®" ions. The observed
critical field H, is 37 kOe at T'=1.5 K. With the
field along the ¢ axis at low temperature, SR is
observed from I'; to I',. The observed results
are consistent with the other work.%:

The observed nature of the field-induced SR in

Ho
20 40 60  (KkOe)
o T T T T
C{K) Ho#a
RN ———= T=4.2K
\\
\ — T: OK

-2

\ Hc=37kOe
AN

N\
ANSN
N\

FIG. 10. Calculated free energies F; and Fy in the
Ty and Ty phases, respectively. Crossing of the F; and
Fy curves means that field-induced SR occurs.



ErCrO, can be understood quantitatively using the
two-sublattice molecular-field model. It is shown
for the first time that the anisotropic-symmetric-
exchange interaction, & between Cr and the rare
earth plays an important role in the SR mechanism
glong with the antisymmetric exchange interaction
D.
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