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The gadolinium orthochromate GdCrO3 exhibits negative
magnetization when magnetization+temperature curves are
measured in a 5eld-cooled mode with low applied 5elds
(<&500 Oe). This compound shows canted-antiferromagnetic
order of Cr31 moments with a Neel temperature (TN) of
&170 K. With cooling the samples below TN, magnetization
exhibits peak values (MMAX) with a positive sign at &160 K.
Below this temperature, it decreases with decreasing temper-
ature, passes through a zero value (M 5 0) at T1<&130 K, and
continues to decrease until TMIN (>&25 K). This behavior is
interpreted in connection with the paramagnetic Gd31 moments
whose direction is opposite to that of canted Cr31 moments. The
maximum absolute value of the negative magnetization was
much larger than MMAX, i.e., nearly 30 times as large as
MMAX with an applied 5eld of 100 Oe. With further cooling, the
magnetization increase and cross again M 5 0 around T2

(>&10 K). ( 2001 Academic Press

Key Words: perovskite; chromium oxide; negative magnetiz-
ation (reversal of magnetization).

1. INTRODUCTION

Perovskite chromium oxides ¸nCrO
3

(¸n: lanthanides)
have the orthorhombic perovskite structure at room tem-
perature (space group Pbnm). They exhibit so-called
canted-antiferromagnetic order of localized Cr3` moments
(3d3, k

%&&
"3.87 k

B
for a spin-only value) with Neel temper-

atures (¹
N
) of 112}282 K (1}7). The order for one of such

compounds, GdCrO
3
, was reported to take place at 170 K

(1, 7). From the magnetic structures for the other ¸nCrO
3

compounds determined from neutron di!raction, the mag-
netic structure is expected to be a G

x
F

z
-type con"guration

(7). Magnetic interactions in this compound were discussed
in detail based on the measurements of magnetization}mag-
netic "eld (M}H) isotherm curves on a single-crystal (7). It
was found that below ¹

N
, a net magnetic moment (canted

moment) of Cr3` lies parallel to a crystallographic c axis
(i.e., F

z
). An antisymmetric exchange interaction or a psudo-

dipolar interaction between Gd and Cr produces an e!ec-
tive magnetic "eld at the Gd3` (4 f 7, k

%&&
"7.94 k

B
(8)) site,

whose direction is opposite to that of the canted Cr3`
204
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moments, F
z
. This situation is di!erent from those in many

perovskites where the directions of the ¸n3` moments are
perpendicular or parallel to the canted moments (1, 9). The
interaction becomes increasingly important at lower tem-
peratures, leading to a spin-reorientation of Cr3` from G

x
F
z

to G
z
F
x

around 7 K. In the latter con"guration, the net
Cr3` moment lies parallel to the crystallographic a axis (i.e.,
F
x
). At lower temperatures, a magnetic interaction between

Gd becomes signi"cant, which results in the order of the
Gd3` moments at 2.3 K (7).

Recently, the authors have reported negative magnetiz-
ation (reversal of magnetization) below &140 K for an
isostructural compound La

0.5
Pr

0.5
CrO

3
(¹

N
&260 K),

which is a solid solution between LaCrO
3
(¹

N
&288 K) and

PrCrO
3

(¹
N
&240 K) (10). This e!ect is observed for mag-

netization}temperature (M}¹) curves in "eld-cooled
measurements with low applied "elds ((&5000 Oe) and
has not been observed for the end compounds. The maxi-
mum absolute value of the negative magnetization (at 2 K)
is &40 times as large as that of positive magnetization (at
&220 K). Qualitatively, this phenomenon was assumed to
arise from the same type of magnetic interaction as in
GdCrO

3
, i.e., opposite direction of the Pr3` moments

(k
%&&
"3.62 k

B
(8)) to that of the canted Cr3` moment. This

experimental result leads to the expectation for the same
phenomenon also in GdCrO

3
. However, to the author's

knowledge, its M}¹ curves have not been reported with low
magnetic "elds, where the phenomenon is plausibly ex-
pected from the behavior of La

0.5
Pr

0.5
CrO

3
. This paper

presents the results obtained from DC magnetization
measurements.

2. EXPERIMENTAL PROCEDURES

The samples have been prepared in air by solid-state
reaction, as in the preparation for ¸nCrO

3
(¸n: lanthanides)

and La
1~x

Nd
x
CrO

3
(3, 4, 6). The starting materials were

Gd
2
O

3
(4N, Soekawa) and Cr

2
O

3
(4N, Soekawa). The in-

itial mixtures were well ground, pelletized and "red in air at
14003C for 24 h. This "ring was repeated two to three times.
Three samples were prepared, and were veri"ed to show



FIG. 1. XRD patterns at room temperature for GdCrO
3
. The ob-

served and calculated patterns are shown as the cross markers and the top
solid line, respectively. The vertical markers stand for the angles of cal-
culated Bragg re#ections. The lowest solid line represents the di!erence
between the calculated and observed intensities. The "t was done assuming
the space group Pbnm. The parameters obtained are a"5.3142(1),
b"5.5239(1), and c"7.6063(1) A_ , R

81
"13.77%, R

1
"9.83%, Re"

8.86%, and R
F
"4.34%. The other parameters such as atomic positions

are essentially the same as those for LaCrO
3

(3). FIG. 2. (a) ZFC and (b) FC M}¹ curves for GdCrO
3

with an applied
"eld of H"100 Oe. In (b), "lled (d) and open (s) circles stand for FC(H)
and FC(C) modes, respectively. See experimental details in text.
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reproducible structural and magnetic properties. The crys-
tal structure was determined by powder XRD (X-ray dif-
fraction) measurements using CuKa radiation (MAC
Science Co., M03XHF22) with an angle (2h) step of 0.043
between 2h"20 and 1203. The XRD patterns were veri"ed
to consist only of the reaction products and were analyzed
by the Rietveld method using the program RIETAN
(11, 12). They are shown in Fig. 1. The lattice parameters are
a"5.3142(1), b"5.5239(1), and c"7.6063(1) A_ with the
space group Pbnm, which are close to those reported pre-
viously, a"5.312, b"5.514, and c"7.611 A_ (7) (see this
reference for the crystal structure). DC magnetization
measurements were performed with a SQUID mag-
netometer (Quantum Design MPMS). Magnetization}tem-
perature (M}¹) curves were measured between 4.5 and
400 K in "eld-cooled (FC) and zero-"eld cooled (ZFC)
modes with an applied "eld (H) between 20 and 10,000 Oe.
As the lowest measurement temperature in the present ap-
paratus is around 2 K, the measurement of the magnetic
order of Gd3` at 2.3 K was not the aim of this study.
A susceptibility s is de"ned as the value of M/H. Magnetiz-
ation-"eld (M}H) isotherm curves were measured within
H"$50000 Oe at representative temperatures.

3. RESULTS AND DISCUSSION

Figure 2 shows the M}¹ curves for GdCrO
3
, measured

with H"100 Oe. Figure 2a shows that the ZFC curve
exhibits a maximum of magnetization at &8 K. Since this
temperature is close to that for the spin-reorientation tem-
perature of &7 K, the behavior can be ascribed to the
rotation of magnetic moments or magnetic domains, each of
which has a random orientation after zero-"eld cooling. The
magnetization monotonically decreases with heating and
exhibits the antiferromagnetic transition around ¹

N
&

170 K (inset). The region above ¹
N

obeyed the Curie}Weiss
law, 1/s"(1/C)(¹!h). The paramagnetic moment cal-
culated from the C value was close (&95%) to that esti-
mated from the contribution of a spin-only Cr3` and a
free-ion Gd3` moments. A Weiss temperature h obtained is
antiferromagnetic, &!35 K.

Figure 2b shows the two FC curves. One was measured
on heating the sample with H"100 Oe after "eld-cooling
("lled circles). This mode will be denoted as the FC(H) mode
hereafter. The pro"le of this curve is analogous to that of the
ZFC curve in Fig. 2a, except for the absence of the magnet-
ization peak around 8 K. The di!erence of magnetization
below this temperature is attributed to magnetic order. The
other curve was measured on cooling the sample with the
applied "eld of 100 Oe (open circles). This process will be
denoted as the FC(C) mode hereafter. The canted-antifer-
romagnetic transition is observed at ¹

N
&170 K (inset),

where the net canted Cr3` moment lies parallel to the c axis
as noted (7). The magnetization shows a peak value (M

MAX
)

of &9.5 emu/mol around 160 K. Upon further cooling, it
decreases again, crosses a zero value at the compensation
temperature of ¹ &130 K, and exhibits a further decrease



FIG. 4. M}H curves for GdCrO
3

measured at (a) 4.5 K and (b) 4.5, 30,
and 50 K.
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down to M
MIN

&!270 emu/mol at ¹
MIN

&25 K. This mag-
netization corresponds to &0.04 k

B
/unit formula. Due to

this e!ect, the FC(H) and FC(C) curves signi"cantly deviate
from each other. The negative magnetization means that its
direction is opposite to that of the applied "eld. Thus the
system is not obviously in a thermal-equilibrium state. It is
interesting that the absolute value of M

MIN
is much larger

than M
MAX

as was also found for La
0.5

Pr
0.5

CrO
3

(10); i.e., it
is nearly 30 times as large as M

MAX
in the present case.

Considering the e!ective "eld at the Gd3` site (7), this
behavior is assumed to originate from the opposite direction
of the Gd3` moments to the net Cr3` moment. The shape
of the curve above ¹

MIN
is very similar to that for

La
0.5

Pr
0.5

CrO
3

(10), implying the same origin for both
phenomena. Figure 3 shows magnetization measured as
a function of time with H"100 Oe just after the FC(C)
process down to 30 K. It changes slightly by &0.5% during
&2 days (&2]106 s). Therefore, the negative magnetiz-
ations around ¹

MIN
are almost stable during this time span,

though this state is not in a true equilibrium.
The upturn of magnetization below ¹

MIN
&25 K is also

a characteristic feature of the FC(C) curve (Fig. 2b). A pos-
sible explanation for this behavior is the rotation of the
Cr3` moment in the a}c plane (7). Under a zero magnetic
"eld, this rotation manifest itself as a spin-reorientation at
&7 K (7), where the G

z
F

x
mode is induced; i.e., the net Cr3`

moment is parallel to the a axis. Continuous rotation is
brought about at higher temperatures by applying the ex-
ternal "elds (7). With increasing the "eld, the rotation con-
tinues to occur until the "eld is increased to &2000 Oe
where the spin con"guration changes also to G

z
F
x
(7). From

this fact, the present upturn is assumed to be brought about
by slight rotation of the moments arising from the low
applied "eld. For La

0.5
Pr

0.5
CrO

3
, the FC(H) and FC(C)

curves were found to almost trace below ¹
N

in low applied
"elds ((&1000 Oe) (10). This is in agreement with no ap-
parent additional transition in La

0.5
Pr

0.5
CrO

3
below

¹
N

(&260 K) (10). With further cooling, the magnetization
FIG. 3. Magnetization (M) plotted as a function of time with
H"100 Oe at 30 K after FC(C) process.
increases again and crosses a zero value (M"0) at the
second compensation temperature of ¹

2
&17 K (Fig. 2b).

In this experiment, though the measured magnetization is
spatially averaged in the polycrystalline sample, it can be
essentially considered that the applied "eld has the same
direction as that of the net canted Cr3` moment observed
between ¹

MIN
and ¹

N
, which is parallel to the c axis. If the

spin con"guration is perfectly changed to G
z
F

x
around ¹

2
,

and the Cr3` and Gd3` moments have antiparellel coup-
ling, the net Cr3` and Gd3` moments are perpendicular to
the c axis. Therefore, magnetization could exhibit a zero
value. The temperature of ¹

2
is higher than the spin-re-

orientation temperature at a zero "eld of &7 K. This might
be because the rotation to the G

z
F

x
mode is promoted by

the applied "eld. The further upturn of magnetization below
¹

2
might be related to the order of Gd3` at 2.3 K (7).

Figure 4 shows the M}H curves at several temperatures.
Figure 4a shows that perfect saturation is not established
with H"50000 Oe at 4.5 K. From the M}H curve
measurements at various temperatures, it was also found
that a coercivity exhibited a maximum (&900 Oe) around
70 K, and tended to monotonically decrease below 30 K
with decreasing temperature. This is demonstrated in
Fig. 4b. The result implies that the rotation of the Cr3`
moments occurs more easily below &30 K because of the
reduction of anisotropy, and it suggests also a possible
change of a crystallographic or electronic structure below
¹

MIN
which has not been reported yet. Further studies are

needed to clarify more details of these behavior observed
below ¹

MIN
.



FIG. 5. s}¹ curves for GdCrO
3

with several di!erent applied "elds,
measured in FC(C) mode.

FIG. 6. M}¹ curves for GdCrO
3
with H"100 Oe. Experimental data

taken in FC(C) mode is labeled as Exp. Solid line represents a Curie}
Weiss-type "t for Gd3` moment. Further details are in text.
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Figure 5 shows the s}¹ curves measured in the FC(C)
mode with some representative applied "elds between 20
and 4000 Oe. The results in the FC(H) measurements were
essentially identical to that in Fig. 2b. It is evident that the
absolute values of negative susceptibility below ¹

N
mono-

tonically decreases with increasing the applied "eld (H),
plausibly because of the increase in the Zeeman energy of
the "eld. With H51000 Oe, no negative susceptibility
(magnetization) is observed in the whole temperature re-
gion. The monotonic increase in ¹

MIN
and ¹

2
with increas-

ing H indicates that the spin-reorientation is assisted by the
magnetic "eld as noted. The measurements were performed
in "elds up to 10000 Oe. The results were analogous to that
with H"4000 Oe.

The normal behavior of magnetic materials is that the FC
magnetization has the same direction as the applied "eld
and lies above the ZFC magnetization. Distinct negative
magnetization has been reported only for a few systems
other than La

0.5
Pr

0.5
CrO

3
such as a perovskite LaVO

3
(13}15) and a ferrimagnetic spinel Co[CoV]O

4
(16). The

compensation temperatures are &110}140 K and &70 K
for the former and latter systems, respectively. The behavior
for LaVO

3
was interpreted in connection with the enhance-

ment of an orbital moment of V3`, which is brought about
by the magnetostriction below ¹

N
"142 K (15). For

Co[CoV]O
4
, it was attributed to di!erent temperature de-

pendence of inequivalent magnetic sublattices (16). This
situation is qualitatively the same as in GdCrO
3

having two
inequivalent magnetic sublattices of Cr3` and Gd3`, which
are coupled antiferromagnetically due to the internal "eld of
Cr3`.

From the analysis of the M}H curves measured at vari-
ous temperatures (7), it was proposed that the measured
moment M for GdCrO

3
above the spin-reorientation tem-

perature could be expressed as:

M"M
C3
#C(H

I
#H)/(¹!h). [1]

Here, M
C3

, C, H
I
, H, and h stand for the canted moment

of Cr3`, a Curie constant, an internal "eld from Cr3`, an
applied "eld and a Weiss temperature, respectively. The
Curie constant C was "xed to be that calculated from the
free Gd3` moment. If the applied "eld (H) is along the c axis
(i.e., parallel to the net canted Cr3` moment), its direction is
opposite to H

I
. Thus, the relationship of M"M

C3
is satis-

"ed below ¹
N

when H is equal to !H
I
. Using this fact, the

values of M
C3

, H
I
and h were calculated as 400 emu/mol,

!5500 Oe, and !2.3 K, respectively (7). It was found that
this proposed formula could be applied also to the present
M}¹ curve data between &¹

MIN
and &150 K, as shown in

Fig. 6. The suitable "t without considering temperature
dependence of M

C3
is because the magnetic e!ect of the large

Gd3` moment far overcomes that of the small canted Cr3`
moment. The values of M

C3
, H

I
and h obtained are

&100 emu/mol, &!1900 Oe, &!13 K, respectively.
These were found to be close to those estimated from similar
M}H curve analyses (in the region of H'&500 Oe) to that
noted in Ref. (7). The absolute values of M

C3
and H

I
smaller

than the above-described values (7) are plausibly due to the
spatial average of magnetization in the polycrystalline
sample. For the other samples and other applied "elds
(4500 Oe), the same formula could be applied with di!erent
parameter values indicating their "eld dependence in a low
"eld region: M

C3
, H

I
and h were &50}100 emu/mol,
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&!1000}1900 Oe, &!13}0 K, respectively. The present
H

I
value is consistent with the fact that the susceptibilities

(magnetization) below ¹
N

show no decrease with decreasing
temperature for H52000 Oe as seen in Fig. 5, because the
direction of H

I
#H is no longer opposite to M

C3
. From

these results, essentially, it can be concluded that the nega-
tive magnetization above ¹

MIN
is not due to an additional

magnetic phase transition, but due to the paramagnetic
e!ect of Gd3`. The same formula could be applied also
to La

0.5
Pr

0.5
CrO

3
; its details will be published together

with neutron di!raction data and magnetic data of
La

1~x
Pr

x
CrO

3
, whose measurements are currently under

way.
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