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Single crystals of NdCrO; were studied by means of bulk magnetization, susceptibility, and optical-absorption
spectroscopy measurements. This compound orders at Ty =214°K in a I';(F,) canted antiferromagnetic spin
structure which persisits down to Ty = 35°K. At Ty a first-order Morin-type phase transition occurs and,
down to below 4.2°K, the spins are in the antiferromagnetic I';(0) mode. The temperature dependence of the
spontaneous magnetization above Ty is significantly different from that of other rare-earth orthochromites and
is reminiscent of that found in some ferrimagnetic materials. Using a single-ion model in the molecular-field
approximation, it is shown that this behavior is due to magnetization contributions from the two lowest
Kramers’s doublets of the Nd** ground multiplet. The calculated Stark splitting is 97+ 15°K, in excellent
agreement with the absorption spectroscopy measurements. Above Ty, the ground-doublet splitting is
essentially due to the Nd-Cr interaction, while below Ty the additional polarization due to Nd-Nd coupling

becomes significant.

I. INTRODUCTION

The compound NdCrQ;, 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
magnetic moments of the Cr3* nearest neighbors
is predominantly antiferromagnetic and they order
magnetically at a Néel temperature of Ty =214 °K.
Below this temperature and down to approximately
35 °K, NdCrO, exhibits a weak ferromagnetic mo-
ment.

The magnetic properties of NdCrO,; have been
investigated previously using neutron diffraction,?™*
specific-heat, **® and bulk magnetization measure-
ments, ¢ all on powder samples. The results of
the neutron-diffraction studies may be briefly
summarized as follows: At 77 °K the spin structure
of the Cr® ions is, in the notation of Koehler et al.
and Bertaut” primarily G, ; at4.2and 1.5 °K the Cr®*
spins are in a mixed G,, mode and the Nd** mo-
ments have a ¢, structure.® The latter ordering
appears below 13 °K. The NdCrO, specific-heat
measurements, carried out in the 4.2-15°K tem-
perature region, show a Schottky anomaly typical
of a two-level system with a splitting of 27 °K. No
evidence for a cooperative ordering of the Nd**
spin system was found, indicating that this ordering
is induced by a Nd-Cr rather than Nd-Nd interac-
tion. Finally, the temperature dependence of the
powder magnetization is strikingly -different from
that reported for other orthochromites with para-
magnetic rare-earth ions.%!® Below Ty =224 °K,
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the magnetization increases with decreasing tem-
perature, reaching a maximum value of 0.05 ./
spin at 7=200 °K. It then decreases monotonously
to a minimum value of 0.01 (L 5/spin at 7'=80°K.
As the temperature is further lowered, the mag-
netization again increases, reaching a maximum
of 0.3 up/spin at 35 °K. Below this point the mag-
netization falls toward zero, although a small mo-
ment is still found at 4.2°K. Ayasse® has inter-
preted this behavior as indicative of a compensa-
tion point in the vicinity of 80 °K and a spin-orien-
tation phase transition from a high-temperature G,
spin mode to a low-temperature G, mode at 35 °K.
The nature of the latter (i.e., first or second or-
der) was not determined.

More recently, Belov ef al.'* have measured the
spontaneous magnetization of NdCrO, single crys-
tals. They report a Néel temperature of 240 °K,
below which the weak ferromagnetic moment is
along the a-crystallographic axis. This implies
that the ordered Cr3* spins are in a G, F, mode and
is not in agreement with the neutron-diffraction
results. They further find that the ferromagnetic
moment reverses sign at 87 °K, as it should at a
true compensation point.® At still lower tempera-
tures, the magnitude of the spontaneous magneti-
zation again increases, reaches a peak at approx-
imately 35 °K, and decreases to zero at 10°K. Be-
low 10 °K no net moment was found, and this is
consistent with G, and c, structures for the Cr and
Nd spin systems, respectively.

From the above summary of the results of pre-
vious studies on NdCrO; it is clear that the experi-
mental data are not completely consistent with
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FIG. 1. Temperature dependence of the spontaneous
magnetization of NdCrO;, The experimental data are
corrected for demagnetizing effects. (The experimental
results are given by the solid line and the theoretical fit
by the dashed line.) The measured moment is along the
a crystallographic axis between Tr=34°K and Ty=214°K
and vanishes between 4.2 °K and Ty,

each other. Furthermore, there has been neither
a completely satisfactory explanation for the re-
ported magnetic behavior nor any quantitative
analysis of the experimental results. In this paper,
we shall therefore give a detailed analysis of the
magnetic behavior of NdCrO,;. This analysis will
be based on our extensive magnetic and magneto-
optical studies of this compound.

In Sec. II, we first outline the various measure-
ments performed and present the experimental re-
sults of the optical absorption and bulk magnetiza-
tion and susceptibility studies. A part of the op-
tical data has been reported previously.!® Next,
in Sec. III, we analyze the experimental data for
each of the phases studied and for the observed
phase transition. Finally, in Sec. IV, the results
of the data analysis are summarized and our con-
clusions regarding the nature of the Cr-Nd and
Nd-Nd interactions are presented.

II. EXPERIMENTAL RESULTS

Our studies were carried out on flux-grown sin-
gle crystals of NdCrO;.. The crystallographic axes
were identified by a knowledge of the symmetry
and morphological features of the crystals. '8
Details of the systems employed for the magnetic
and optical measurements have been given else-
where. 2

A. Magnetic measurements

The measured spontaneous magnetization of
NdCrQ; is shown in Fig. 1. Between an ordering
temperature of Ty =214+ 1 °K and down to T =34
+1°K, the ferromagnetic moment was found to lie

along the crystallographic ¢ axis. The tempera-
ture dependence of the magnetization in this region
is qualitatively similar to that reported by Ayasse.®
However, the minimum in the magnetization found
at 7=80°K cannot be regarded as evidence of a
compensation point as the measured value (approx-
imately 50 emu/mole) is well above the sensitivity
threshold of the measuring system. At Ty, the
magnetization along the ¢ axis drops abruptly to
zero and remains at this value down to 4.2 °K,

the lowest temperature reached in our study. No
net moment was found along any of the other crys-
tallographic directions for 4.2 °K<7T<T,. Thus
unlike Ayasse® and Belov et al.'* we find no spon-
taneous magnetization below T'z. This result was
confirmed by measurements on several different
crystals.

The magnetic susceptibilities measured along
each of the principal crystallographic axes of
NdCrO, from 4.2 to 215 °K are given in Fig. 2.

No significant anomaly was found in any of the sus-
ceptibilities in the vicinity of Ty. At T, however,
each of the three susceptibilities exhibited a step-
like discontinuity. This discontinuity was partic-
ularly large in the case of the a-axis susceptibility.

B. Spectroscopic measurements

For the optical part of our study, a (110) platelet
of NdCrOQ, polished down to a thickness of 50 um
was prepared. Relative absorption spectra were
recorded as a function of wavelength for electric
field polarizations, parallel and perpendicular to
the crystal’s ¢ axis. The known complexity of the
Nd* absorption spectrum in the visible and near
infrared regions, !’ superimposed on the Cr®* ab-
sorption spectrum, limited our work to a very
narrow spectral region. We therefore concentrated
on the Nd** absorption lines corresponding to tran-
sitions between the two lowest-lying crystal-field
states of the ¥I,,, ground term and excited-crystal-
field states identified'” as belonging to *G; ,.

Since each crystal-field Kramers doublet is fur-
ther split by the magnetic interactions, the absorp-
tion spectra consisted of subgroups, each contain-
ing a maximum of four absorption lines.

The spectroscopic measurements were carried
out between 15 and 160°K. At 35.1+0.5°K, a
sharp change in the character of the spectra was
noted. This may be seen in Fig. 3, where we
present absorption spectra recorded at 34 and
36 °K. Figure 3 shows transitions between the
lowest lying Kramers doublet of *I,,, and all four
of the Kramers doublets belonging to *G,,,. The
actual width of the transition region was no more
than 0.1 °K and the transition is, accordingly, very
probably of first order. Note that the transition
temperature is in excellent agreement with the
34+ 1°K value observed in the magnetic studies.
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FIG. 2, Temperature dependence of the principal susceptibilities of NdCrO; along the (a) @, (b) b, and (c) ¢ crystal-

lographic axes.

The experimental data are corrected for demagnetizing effects.

by the solid line and the theoretical fits by the dashed lines.)

The notation in Figs. 3 and 4, is that of Faulhaber
et al.'® wherein the crystal-field levels of the
ground term are labeled with roman numerals

(I, II, ...) and those of the excited terms with
lower-case letters (a, b,...) starting with “a”
for the level with lowest energy. The spectral
lines of Fig. 3 were recorded in the 5250- to
5320-A wavelength region. Additional lines with
much lower intensities were observed at 77 °K in
the 5320- to 5350-A region and are shown in Fig.
4. These additional lines were identified as tran-
sitions between doublet II of *I,,, and doublets a
and b of *G,; . Note that the transitions IIc and
IId are not identifiable in Fig. 4 since they fall in
the same wavelength region as the much stronger
Ia and Ib lines.

The experimental data for the temperature de-
pendence of the ground doublet splitting, based on
the *Iy (1) - %G, (a, b, c, d) transitions, are sum-
marized in Fig. 5. At T =Ty there is a distinct
discontinuity in the splitting, in agreement with
the change in the spectrum character shown in
Fig. 3.

Finally, we note that external magnetic fields
of up to 20 kOe, applied either parallel or perpen-

(The experimental results are given

dicular to the ¢ crystallographic axis, had no vis-
ible influence on the observed spectra.

III. ANALYSIS

The results of the spectroscopic measurements
presented in Sec. II complement those of the bulk
magnetization studies. We consider first the ques-
tion of the Cr spin structure.

The spontaneous magnetization for Ty>T> T,
is along the a axis, indicating that the appropriate
Cr spin structure assignment is G, F,, belonging
to the T', representation of Pbnm.” Below Ty no
spontaneous magnetization is found, a result con-
sistent with the Cr spins being ordered in the anti-
ferromagnetic G, mode, belonging to I';. Turning
to the optical data, if the observed change in the
spectra of Fig. 3 is indeed due to a Morin-type
Cr spin reorientation from G, F, to G, as the tem-
perature is lowered, we expect the effective field
at the Nd ion sites due to the ordered Cr spin sys-
tem to be along the ¢ axis for T<Tx.” For such
a situation, the selection rules between the exact
crystal-field states are preserved below Tz and
are lifted only above this temperature.?1® An
inspection of the spectra of Fig. 3 shows that the
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FIG. 3. Optical absorption spectra of Nd®* in NdCrO;
immediately above and below the spin reorientation tem-~
perature Ty for polarizations parallel and perpendicular
to the ¢ crystallographic axis. I refers to the lowest~
lying Kramers doublet of the 419/2 ground state, and a, b,
¢, d to the Kramers doublets of the G, ,, excited state,
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selection rules are indeed not strictly valid, for
T>Tg. This is seen most distinctly in the Ib, Ic,
and Id groups of transitions, where traces of the
strong pair of absorption peaks in the ELc spec-
trum are found also in the Ell ¢ spectrum and vice
versa. These results are consistent with a

G,F, Cr spin mode, On the other hand, for T'<Tj,
an inspection of the same transitions shows that
the selection rules are preserved. Each polariza-
tion shows a distinct pair of absorption peaks with-
out any noticeable mixing taking place, in agree-
ment with a G, mode for the Cr spins.

The magnetic behavior of NdCrO; from ambient
down to 4.2 °K can thus be summarized as follows:
The Cr® moments order magnetically at a Néel
temperature of Ty =214+ 1°K. Between Ty and
Tr=35.1+0.5°K, the net magnetic moment is
along the crystallographic ¢ axis, indicating that
the compound is in the T', phase with a G, F,(Cr®)
- ¢, f,(Nd*) spin structure. More specifically, the
Cr® moments are ordered predominantly antiferro-
magnetically parallel to the ¢ axis with a small
canting which results in a net moment along a.

The Nd* moments are polarized by Cr-Nd ex-
change and dipolar interactions such that each of
the moments lies in the ab crystallographic plane.
These moments exhibit an antiferromagnetic align-
ment along the b axis and a ferromagnetic align-
ment along the a axis of the crystal. At Tg, an
apparently first-order phase transition occurs to

a low-temperature I'; phase with the spin structure
becoming G,(Cr®) — ¢, (Nd®*).

We next turn to a quantitative analysis of the
data presented in Sec. II. As pointed out earlier,
the NdCrO; magnetization curve differs significant-
ly from those typically found in the rare-earth
orthochromites® ! and orthoferrites.?®? 1t is,
in some respects, reminiscent of those found in

FIG. 4. Optical absorp-
tion spectra of Nd** in

Nd®" in NdCrO5 Eiic
o ¢
lors—"672 ELe
T=77°

TRANSMISSION

T NdCrOs at 77 °K for polar-
izations parallel and per-
pendicular to the ¢ crys-
tallographic axis, I and II
refer to the lowest-lying
Kramers doublets of the
T4/, ground state and a and
b to the Kramers doublets
of the 4G7/2 excited state,
The sets of four absorp-
tion peaks belonging, re-
spectively, to Ia, Ib, and
IIa are visible in the spec-
tra, For IIb, only the two

1 1
5300 5320
WAVELENGTH [A]

535;0 peaks in the E Il & spec-
trum can be distinguished,
The transition near 5345 &
was not identified,
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FIG, 5. Temperature dependence of the ground-dou-
blet splitting of Nd** in NdCrOQ; in the Iy (F,) (T'> Tg) and
Ty(0) (T < Tg) phases. The experimental points and esti-
mated error are shown., The theoretical fits shown for
T > Ty are from a molecular-field calculation of {S)/S
(solid line) and {S)/S as taken from the measured magne-
tization of LuCrO; (dashed line—see text). For T'<Tp,
the theoretical best fit is shown by the dotted line.

some ferrimagnets [e.g., NiO- Fe, ,Aly ¢O; (Ref.
22], rather than weak ferromagnets of the Dzialo-
skinsky type. To understand this behavior, it is
useful to consider first the results of the optical-
absorption measurements. From Fig. 5, we see
that above T, the temperature dependence of the
splitting of the ground Kramers doublet is well de-
scribed by

AE(T)=AE,(0)(S)/S), T>Ty, @

where (S)/S (S=2) is the normalized Cr3* sublattice
magnetization and AE,,(0) is the extrapolated-to-
zero temperature doublet splitting in the I', phase
due to the Cr-Nd coupling. A fit to the data of
Fig. 5 gives

AE,(0)/kp=23.6+0.4°K , )

where kg is the Boltzmann constant. Thus, in the
T, phase, the splitting is essentially proportional
to the sublattice magnetization of the Cr®* spins.
No evidence for an additional polarization due to a
Nd-Nd interaction is found in this temperature
range. Below Ty, on the other hand, the ground-
state splitting increases with decreasing tempera-
ture. Since the Cr®* moments are saturated for
T<Tg and are in a pure G, mode, this indicates
that there exists an Nd-Nd interaction which re-
sults in a further polarization of the rare-earth
spins. In the molecular-field approximation, this
additional polarization will be simply proportional
to the Nd sublattice magnetization. We then have

AE(T)=AES (0)(£S)/S)
+AER¥0) tanh[AE(T)/2ksT], T<Tg, (3)

where EG(0) and ENY(0) are the splittings caused
by the Nd-Cr and Nd-Nd interactions, respectively,
at T=0°K in the I'; phase. For T<Tjg, the factor
(S)/S is essentially unity and a least-squares fit

to the data of Fig. 5 yields

AESF /by =25,2+0.3°K , @

AENY/kp=2.0£0.5°K .

The magnitude of the Cr-Nd interaction in NdCrO,
given by Eq. (2) may be compared with the corre-
sponding I', phase doublet splitting of 1.6 °K in-
duced by the Fe-Nd coupling in NdFeQ,.2' A fur-
ther comparison may be made between the 25.2 °K
value given in Eqs. (4) and the 0 °K I'; phase dou-
blet splitting of 9.6 °K induced by the Cr-Er inter-
action in ErCrO,. "

The two features discussed above, that is, the
temperature dependence of the spontaneous mag-
netization and the ground doublet splitting, will be
shown to be consistent with the following analysis,
based on single ion effective field models for the
T’y and T, phases. We shall assume that the T,
phase canting angle, i.e., the angle o between the
Cr® sublattice moment and the ¢ axis, is tempera-
ture independent. This assumption has been shown
to hold for the rare-earth orthoferrites?!*2® and
orthochromites.®™® Since, however, it implies
that the transition-metal spin system is unaffected
by the transition-metal rare-earth interaction,
which is particularly strong in NdCrO;, it is not
immediately obvious that @ is temperature inde-
pendent in this case. The fact that the I',-phase
ground-doublet splitting is proportional to the Cr%*
sublattice moment (i.e., is apparently unaffected
by the Cr-Nd coupling) provides the justification
for using a constant canting angle model here.

A. Spontaneous magnetization in the I', phase

The temperature dependence of the ground dou-
blet splitting, as given in Fig. 5, shows that (i)
the Nd-Nd coupling is negligible above T and that
(ii) AE.(T) is well described by Eq. (1). Thus, to
calculate the free energy F of the Nd spin system,
we need only consider the effective field at a given
Nd* site due to the ordered Cr spins and the ap-
plied field. In our model, we shall take into ac-
count the contributions to F arising from the occu-
pation of the two lowest-lying crystal-field doublets
of *Iy,,, with the assumption that contributions
from higher-lying states are negligible for T'<Ty.
The total free energy per mole of the Nd system
is then given by
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F=—iNksT(in{2lcosh(AEL/2k,T)
+e8/ %87 cosh(AE:/2k,T)]}
+1In{2[cosh(AE;/2k,T)
+e7%/® 8T cosh(AE;/2kT)]}). ®)

Here N is Avogadro’s number, § is the crystal-
field splitting between doublets I and II, and AE,
and AE, refer to the Zeeman splittings of doublets
Iand II, respectively. In the I', phase the Zeeman
splittings are related to the magnetic fields by

AEHH, T) = upl g% (HE" cosb, + H ,cosd; + H, sing,)?
+ g&(HF sinb, + H  sing,

+ Hycosp; )+ g2, H22, i=g,e, (6)

where [ is the Bohr magneton; HS™(T) is the mag-
nitude of the effective field due to the Cr spin sys-
tem; and H,, H,, and H, are the components of the
applied field H along the crystallographic axes.
The go; (@=x,9,2; i=g, e) are the principal g fac-
tors and angles 6 ; and ¢; are defined in Fig. 6.
In Fig. 6, we see that there are two inequivalent
Nd* sites in a given unit cell and that the principal
axes of the g tensor for a given doublet are sym-
metrically disposed at an angle ¢; with respect to
the ¢ axis. Further, for a given doublet the mag-
nitude of HS" is identical at all Nd** sites and its
angle with a at inequivalent sites is disposed sym-
metrically. It follows that the two types of sites
are inequivalent with respect to a field applied
along b and this is reflected by the + signs in Eq.
(6). Note that neither HET, 6;, or ¢; need neces-
sarily have the same value for both doublets.
Using Egs. (5) and (6), the contribution of the
Nd spin system to the spontaneous weak ferro-
magnetic moment is found from

Using the constant canting angle assumption dis-
cussed earlier, the total spontaneous magnetiza-
tion is given by

M(T) = MYT) + ME*(T)
= MYY(T) + 3upN(KS)/S) sina: . (8)

In Eq. (8), the Cr* g factor has been taken equal
to its spin only value of 2. The temperature de-
pendence of {S)/S can be found either from the mo-
lecular-field approximation or, alternatively,
from the experimentally measured spontaneous
magnetization of an orthochromite such as®
LuCrO; with a diamagnetic rare earth. In the
latter case, which was chosen here, the measured
LuCrO,; magnetization was normalized to unity at
T=0°K, and a reduced temperature scale T/Ty
was used for both compounds.

.o 5099
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FIG. 6. Local principal magnetic axes (x;,9;,2;) for
two inequivalent Nd** sites in NdCrO; and effective fields
HE), HE) in the T,(F,) phase,

Due to the large number of adjustable param-
eters, it was not practical to use Egs. (7) and (8)
directly to obtain a fit to the measured spontaneous
magnetization curve of Fig. 1. Instead, we chose
first to utilize the results of the optical studies
given in Figs. 4 and 5 to simplify our expression
for M,. From the data of Fig. 5 and Eq. (2), we
see that AE(T)/kp =AE:(H =0, T)/kp is less than
24 °K for T> Tg. Further, an analysis of the IIa
and IIb transitions shown in Fig. 4 yields

AE,(T=17°K)/kg =AE,(T =17 °K)/kj
=27:3°K . 9)

Since AE,(T) will also have a {S)/S temperature
dependence and Ty =214 °K, it follows from Eq.
(9) that AE,(T)/kp is less than 27 °K for all T> Ty,
Setting X =AE,(T)/2ksT and AE,(T)/2k5T, we con-
clude that X is less than 0.4 for T =T}, for either
case. We can therefore approximate tanhX by X.
The resulting ‘expression for M,(T) is

_Nug AE(T)g,+AE,(T)g, exp(- 06/ksT)
4k T 1+exp(-6/kgT)

M,(T)

+3uN (S:—>) sina , (10)

where
2, =(g% cosh,cosp; - g2, sinb, sing,)

x[(g2 cos?6; + g2 sin*0)V2]?, i=g,e .
(11)

The effective fields HS*, which arise from the bi-

linear Cr-Nd coupling, are also proportional to

(S)/S for a constant canting angle model. From
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Eq. (6), with H=0, it follows immediately that
AE(T)=AE;(0)(S)/9) , (12)

where AE;,(0) are the 0 °K zero-applied-field dou-
blet energy splittings in the I'y phase.

The final result for M,(T), as given by Egs. (10)
and (12), was fitted to the experimental data of
Fig. 1 using a least squares technique with
AE,(0)g,, AE,(0)g,, 5, and a as adjustable
parameters. In fact, we could have reduced the
number of parameters by one by taking 6/kz =114
+7°K, as determined directly from the optical
data of Fig. 4. However, as this value is based
upon a very small amount of experimental data,
we preferred to treat 6 as a free parameter in our
analysis. A best fit was obtained with

AE,(0)g,/k5=1.8£0.3°K,
AE,(0)g,/kp=-51.9£0.5°K,

6/kg=97+15°K , (13)

a=15+1 mrad.

The quoted errors are statistical and indicate two
standard deviations. The negative sign of AE,,(0)g,
implies that the contribution to the net magnetiza-
tion from doublet II is opposite in direction to that
from doublet I. Note also that the value of 6 given
in Eq. (13) is the same as that obtained from the
optical data to within the quoted error limits.

Using Egs. (10), (12), and (13), the total mag-
netization was calculated for Ty =T =Ty. The re-
sulting curve is shown in Fig. 1. The fit to the
experimental data is excellent. We also show, in
Fig. 7, the respective contributions to the total
magnetization from the Cr spin system and doublets
I and II of the Nd spin system for 7> T>Tg. The
necessity of considering the doublet-II contribu-
tion in order to account for the minimum at
T~80°K is clear.

B. Principal susceptibilities in the I'; and I'; phases

The two doublet model for the spontaneous mag-
netization must, of course, also allow us to cal-
culate the temperature dependence of the principal
susceptibilities. We consider first the tempera-
ture region above T, where NdCrO; is in the T,
phase. The contribution of the Nd spin system to
the principal susceptibilities is given by

82F>

Nd H

> - , =a,b,c . 14)
Xi (aHJZ_ 0 J s Yy (

Making the same high-temperature expansion as
in Sec. III A and keeping only the leading terms
yields

2 3 _-6/kgT 2
Na _NUp g5, +e” "B g5

i Tae,T  LietET )
where
84i = &5 cosp, + gl sino,
8vi = &5 sin’d; + g3, cos’e, , (16)

8ci=8zir 1=8,€ .

For temperatures below T, the Nd spin system
has a c, structure and the expression for this sys-
tem’s free-energy contribution must be modified
accordingly. While the high-temperature expan-
sion used for the I', phase is no longer valid, we
can simplify the I'; free-energy expression by
taking only the contribution from the lowest-lying
Kramers doublet. This is reasonable since for
T =Ty the quantity exp(- 6/k5T)=<0.06. In addi-
tion, since AE(T), T<Ty in Fig. 5 shows evidence
of an additional polarization of the Nd spin system
due to Nd-Nd coupling, the contribution from this
coupling term should also be considered. - This
was done earlier in Eq. (3) in our analysis of the
AE/T), T<Tg data. However, this analysis
showed that the Nd-Nd contribution to the over-all
splitting is only 8% of that due to the Cr-Nd cou-
pling. We shall therefore simplify our analysis
of the susceptibility data further by neglecting this
small contribution. The resulting calculation is
then straightforward'®? and yields



Nuig? <AE (0) .
Na o —TBSJe ganp (&) | j=q,b,
X" 2AE,(0) 2k, T )7 a

e ()
B B

In Eq. (17), we have taken AE, (T)=AE,(0) for
T<Tg.

The measured NdCrO; susceptibilities include,
of course, contributions from the Cr®* as well as
the Nd** ions. The Cr3* contribution to each of the
measured susceptibilities is relatively small and
was simply taken to have a constant temperature-
independent value of

X$T=4x%10" emu/mole, i=a,bc . (18)

This is essentially the perpendicular susceptibility
of LuCrQ,, ?* after a suitable normalization of the
temperature scale to a Ty of 214 °K.

The fit to the measured susceptibilities was
carried out in two stages. First the I'; phase re-
gion was considered and the expression x; = x?'+x?d
was fitted to the data using Egs. (17) and (18) with
Zig j=a, b, c as the adjustable parameters. The
splitting AE,,(0) was taken from Egs. (4). A com-
puterized least-squares technique was employed
for x, and x. while x, was fitted asymptotically to
the low-temperature data. The latter procedure
was necessary for x, as the spin structure tends
to return to the I', phase in the temperature region
immediately below T when a field is applied along
the a axis. A best fit was obtained with

8a=2.3+0.3, £,,=2.7+0.1, g,=3.3x0.6. (19)

Next, the I', phase-temperature-region data were
analyzed using Eqs. (15) and (18) with g;ej=a, b, c
as the parameters. Values for 6 and g,, were
taken from Egs. (13) and (19), respectively. A
best fit was obtained with

Z0=5.4£0.5, £,,=5.2£0.5, g,=2.6+2.6. (20)

Using Egs. (15) and (17)—(20), the principal sus-
ceptibilities were calculated for 4.2 °K<T <Ty.
The results obtained are shown in Fig. 2. The fit
is, generally speaking, excellent except for x,
immediately below Tz. The reason for this was
noted previously.

IV. DISCUSSION

In our analysis of the experimental optical and
magnetic data for NdCrO, in its I'; and I'; phases,
we showed that a satisfactory explanation of the
observed behavior could be found within the frame-
work of a single-ion effective-field model. The
additional factor essential to our analysis was the
need to consider, for the case of NdCrO;, the con-
tribution from two rather than only one Kramers
doublet of the Nd* ground term. This had not been
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found to be necessary previously when studying
other odd electron systems, such as Nd* in
NdFeO,, 2! and Er* in ErCr0,.'? The distinguish-
ing factor between NdCrO; and these other com-
pounds is the extremely strong rare-earth transi-
tion-metal coupling present in the former. For
the I’y phase, we can calculate the magnitude of
the effective field HSF(0) acting on the ground dou-
blet at 0 °K from

kpAEG(0) = gkt sHe(0) (21)
Using Egs. (4), (19), and (21) gives
HEX(0) =115+ 25 kOe . (22)

Comparable values for NdFeO; in its I', and T’y
phases are 8.6 and 3.1 kOe, respectively.?' For
the orthochromites, the largest rare-earth transi-
tion-metal coupling fields reported previously are
12.6 and 11.7 kOe for ErCrO; in its I'y and T',
phases.!? Thus the coupling field between the Cr
spins and the lowest-lying doublet of Nd** in
NdCrO, is an order of magnitude greater than cor-
responding fields in NdFeO; or ErCrO,. It is
reasonable to assume that the coupling field is the
same for all states belonging to the same term?
and also that the T, phase field H5F(0) =HS(0) is of
the same order of magnitude as Hgf(o). The latter
is substantiated by the observed Zeeman splittings
AE,,, AE,, given in Egs. (2) and (9) and also by
our observation that applied fields of up to 20 kOe
had no observable effect on the absorption spectra.
We conclude that it is the combination of the strong
Zeeman splitting AE, and the relatively large ab
plane g factors of doublet II in comparison with
doublet I that accounts for the significant contribu-
tion of doublet II to the spontaneous magnetization
of NdCrO;. The opposite algebraic signs of the
doublet contributions to the spontaneous magnetiza-
tion, as noted in (13) and Figs. 1 and 7, result in
the observed temperature dependence.

In Table I, we compare our results for doublet
I of Nd* in NdCrO, with the corresponding values
reported21 for NdFeO;. From Table I, we again
see that the main difference between the orthochro-
mite and the orthoferrite is in the magnitude of the
Nd-transition-metal coupling. For NdCrO;, our
combined optical and magnetization studies have
shown that the crystal-field splitting between dou-
blets I and II is approximately 100 °K. The com-
parable value for NdFeO; is not known. However,
for Nd* in the isostructural compounds YAIO; and
NdAIQ;, splittings of?® 168 °K and?’ 176 °K have
been reported. These somewhat larger Nd3* split-
tings in the orthoaluminates as compared with
the orthochromites (or orthoferrites) are not un-
expected as similar results have been reported,
for example, in the case of Er®* in ErCrO,, 12,28
ErFe0,, %% and ErAlO,. %
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TABLE I, Comparison of NdCrO; with NdFeO; [g,,
8, and g, are the g factors of the lowest-lying Kramers
doublet of Nd** along the a, b, and c crystallographic
axes, respectively, and AE,(0) is the extrapolated-to-
0°K Zeeman splitting of the same doublet in the I‘Z(Cra*:
G,F,; Nd*: c,f,) phase due to the coupling of the Nd mo-
ments to the transition-metal spin system].

NdCrO; 2 NdFeO;®
& 2.3+0.3 2.4+0,3
8 2.7+0.1 3.6=0.4
8c 3.3+0.6 2.5+0,2
AE,0)/kg (°K) 23.6+0,1 1.6+0,2

2This work PReference 21.

From the discontinuity in the ground-doublet
splitting at Tz, the difference in the anisotropy
energy AK of the Cr®* spin system in the two
phases can be calculated.®® (The contribution of
doublet II at this temperature is negligible.) The
spin reorientation takes place at constant (zero)
external field and temperature with no apparent
hysteresis, thus the magnetic analog of the Gibbs
free energy is continuous at the phase transition.
For the T, phase'?

F(T5)= =3 MppNF = § (g N)* D?/X - K(T)
—NksT1n{2cosh[AE,,(TR)/2k;TR]},  (23)

where we have set (S)=S at T =Ty and K(T',) is the
T', phase anisotropy energy. The Heisenberg and
Dzialoshinsky exchange constants A and D can be
found directly from the canting angle @ =15 mrad
and Néel temperature Ty =214 °K by using the re-
lations!% 2!

Ty=5Nu4r/4k,, a=D/2x . (24)
In Egs. (23) and (24), we have taken S =3 and the

g factor of the Cr®* moments equal to 2. Similarly,
for the I, phase!?

F(Ty)= ‘% X(MBN)Z —K(Fl)
~Nkp Ty 1n{2 cosh[AE, (Ty)/2ksTR ]}

+ENAERH0) tanh®[AE, (TR)/2k5TR].  (25)

Setting F(T',) = F(I";) and taking T =35.1°K,
AE,(Tg)/ky =23.6°K, AE,(T5)/ks=25.9 K,
AEF}0)/k5=2.0°K, 1=226 Oe mole/emu, and
D=6.9 Oe mole/emu, we obtain
]‘3—2 = 5%':{—(&) =0.25+0.05°K/spin.  (26)

This result may be compared with that found for
the spontaneous I'y— I'; phase transition in ErCrO;
where values of 0.57x0.15,'% 0.45+ 0. 08, % and®
0.45 °K/spin have been reported.

We can also evaluate TzA0, the latent heat asso-

ciated with the spin reorientation. Since the Cr
spin system is essentially completely ordered at
T =Ty, we can neglect its contribution to the en-
tropy change. We then have

TAo=AU-AF =[U(T,) - U(T,)] - [F(T,) - F(T,)],

27
where U is the internal energy of the system.
Since F(T,) =F(T,) at T =T, we obtain'?

TAG=—3NAE,, (Tg) tanh[AE, (TR)/2ks T
- iNAENY(0) tanh?[AE,, (TR)/2k5Tx]
+3NAE,,(Tg) tanh[AE, (Tg)/2k5 T
- K(T,) +K(T,) = 3(usN)2D? /2, (28)

TA0/Nkg=0.37+0.05 °K/spin . (29)

This last result may be compared with the values
of 0.25+0.05, 0.15= 0. 05, and® 0.2 reported
for the I'yj— T, phase transition in ErCrO;.

Finally, from the results of the analysis of the
magnetic properties of NdCrO;, the magnetic con-
tribution to the low-temperature specific heat of
this compound can be calculated. Taking the Nd-
Nd interaction term into account, the Nd ground-
doublet contribution to the specific heat is given
by?®

o
o

T T T T

NdCrO.
Specific heo% Cu 1
g =259°K s
3 =AEg(T) |
Measured by Ayasséetal. -~—---

N
o

(%
o

Calculated from opt |ox{AE
aiculate rom optical ata
P AE

N
o
T
i

o
T
!

o
T

Cy []cule/mo!e °K]
IS
I

| 1
o} 10 20 30 | 40 50

Temperature [“K]

FIG. 8. Low-temperature specific heat of NdCrOs.
The dashed line denotes the experimental results of
Ayasse (see Refs, 5 and 6) for the total specific heat. The
dotted line is the calculated contribution of the Nd spin sys-
temtothe specific heat, assuming that the ground-doublet
splitting of the Nd** ion is temperature independent. The
solid line is the contribution of the Nd spin systemtothe spe-
cific heat as calculated from the optical results for thetem-
perature dependence of the ground-doublet splitting, The
peak at Ty is calculated from the latent heat of the
Ty (F,) < Ty(0) phase transition, assuming that the transi-
tion width is 0.1°K at half the maximum, (Note the
change in scale for Cy.)
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C¥4= — NAE,(T) [1 ~ tanh® (A_ZI;:::TL))]

_ (3AE (T)) / 2%y T ] . (30

where AE(T) is to be set equal to AE,(T) or
AE,(T) according to whether T is less than or
greater than Tp. We have used Eq. (30) to calgu-
late Cy¢ for T<50°K, taking AE(T) directly from
the optical data given in Fig. 5. For comparison,
we have also calculated C}® assuming a tempera-
ture independent doublet splitting of 25.9 °K. The
results are shown in Fig. 8 where the experimental
results of Ayasse et al.>® for T<17°K are also
given. The latter of course also includes contribu-
tions from the Cr spin system and the lattice. To
our knowledge, no specific-heat studies have been
carried out in the vicinity of the NdCrO; phase
transition at Tj.

In conclusion, by means of combined absorption
spectroscopy, and bulk magnetization measure-
ments, the magnetic properties of NdCrO, have

y [AEE(T)
2kpT®

been studied as a function of temperature. 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
two lowest-lying Kramers doublets of the Nd* ion
and the Cr®* and Nd* spin systems by means of
effective fields. A spontaneous Morin-type spin-
reorientation phase transition occurs at 35.1°K
from a weak-ferromagnetic high-temperature state
to an antiferromagnetic low-temperature one. The
transition appears to be of first order. The ferri-
magneticlike temperature dependence of the mag-
netization above the spin reorientation is due to the
extremely strong coupling between the Nd and Cr
spin systems.
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