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Using magnetic and magnetoelectric (ME) powder susceptibility measurements, the low tempera- 
ture magnetic properties of antiferromagnetic UCrO., and NdCrTiOs have been studied. Their 
N&i temperatures TN are 44.5 and 20.5X, respectively, the Cr3+ spin systems of both materials 
ordering cooperatively at TN. Below TN, the Us+ and Nd3+ moments are polarized due to their 
exchange interaction with the ordered Cr3+ spins. It is argued that, for both compounds, each of 
the two spin systems contributes to the ME susceptibilities. They are thus the first known ME 
materials possessing two distinct magnetic sublattices. The effective magnetic moments calculated 
from the magnetic susceptibilities are in good agreement with those previously reported by neutron 
diffraction studies. 

Introduction 

The compound UCrO* was first synthesised 
by Borchardt (I). Its crystallographic space 
group, as determined by Smith et al. (2) and 
Bacmann et al. (3) by X-ray (2 and 3) and 
neutron diffraction (3) techniques, is Pbcn with 
both the Cr3+ and Us+ ions situated in 4(c) 
sites having site symmetry 2. Neutron diffrac- 
tion patterns (3) recorded at 4.2”K were 
characteristic of antiferromagnetic order with 
both the CrJ+ and Us+ spin systems in A, 
modes (4). The appropriate Shubnikov group 
is thus Pbcn’. A best fit to the measured, 
intensities of the magnetic peaks was obtained 
by assigning moments of 2.40 f 0.10s and 
0.30 f 0.048 to the Cr3+ and Us+ ions, 
respectively, where B is the Bohr magneton. 
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The reported Cr3+ moment is thus consider- 
ably lower than the theoretical isolated value 
&(Cr3+) = 38 at 0°K). In addition, the U5+ 
moment is much smaller than the spin 3 value 
of lj? reported (5) for Us+ in Uz05 but is 
comparable with the 0.48 found (6) for Us+ 
in UFeO,. The reduction in the magnetic 
moment of UCrO, has been attributed to the 
covalent nature of the Cr-0 and U-0 
bonds (3). 

The compounds MRTiOs (M =Cr, Mn, 
Fe; R =Pr, Nd, Sm, Eu, Gd) have been 
studied by Buisson (7) using X-ray and neutron 
diffraction techniques. These compounds 
have the crystallographic space group Pbam 
with the M3+ and Ti4+ ions distributed over 
4cf) and 4(h) sites and the R3+ ions in the 4(g) 
sites. The site symmetries are 2, m, and m for 
4cf), 4(g) and 4(h) sites, respectively. For 
CrNdTiOS, 95 % Cr-5 % Ti are in 4(f) sites 
and 5% Cr-95% Ti are in 4(h) sites. From 
neutron diffraction and magnetic measure- 
ments, Buisson (5) has reported that CrNdTiOs 
is antiferromagnetic below TN = 13°K with 
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both the Cr3+ and Nd3+ spin systems ordering 
cooperatively at this temperature. The spins 
of the Nd3+ and Cr3+ ions in the 4(h) sites 
order in a GA, mode (4) and those of the Cr3+ 
ions in the 4cf) sites order in a A, mode. The 
Shubnikov group is Pbum’. A best fit to the 
measured intensities at 4.2”K was obtained by 
assigning moments of 2.95 + 0.15/I and 2.89 + 
0.15/I to the Cr3+ and Nd3+ ions, respectively. 
The reported Cr3+ moment is thus in agreement 
with the theoretical isolated ion value. Turning 
to the Nd3+ ions, the ground state term, 
4b,2, can be split into five Kramer’s doublets 
by the crystalline field. This complete lifting 
of the degeneracy is possible due to the rela- 
tively low symmetry of the Nd3+ sites. At 
sufficiently low temperatures only the lowest 
lying Kramer’s doublet will be occupied. The 
maximum magnetic moment, at O”K, is then 
p,,,(Nd3+) = g,J= 3.278 where gJ = 8/l 1 is 
the Lande g factor. The neutron diffraction 
results thus indicate that the lowest lying 
Kramer’s doublet has a significant contribu- 
tion from the J, = lt9/2 states. 

Since the magnetic point group of UCrO, 
and CrNdTiOS is mmm', magnetoelectricity (8) 
is allowed in both of these compounds. The 
magnetoelectric (ME) effect will be character- 
ized by single crystal ME susceptibility 
tensors having two nonzero elements, al2 and 
aZl (9). UCrO, and CrNdTiO$ are particularly 
interesting as no ME materials possessing two 
types of magnetic sublattices have previously 
been reported. The confirmation and study of 
the ME effect in these compounds was thus 
one of the objectives of this work. A further 
objective was to clarify the nature of the mag- 
netic ordering in these materials. 

Experimental Results 

Samples of UCrO, and CrNdTiO, were 
prepared by intimately mixing stoichiometric 
quantities of U03 and CrZ03; NdZ03, Cr,O,, 
and TiOz, respectively, and firing the pressed 
pellets for 24 hr in air at 1200°C. X-ray powder 
diffraction patterns obtained were in agree- 
ment with previously reported data (7, 10). 
The magnetic susceptibility of each compound 
was measured over the range 4.2-300°K using 
a motor driven vibrating sample magneto- 
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FIG. 1. Temperature dependence of the powder 
magnetic susceptibility of UCr04. The reciprocal 
susceptibility is also shown. 

meter (II). The sample was cooled by a stream 
of helium vapor. The desired flow rate was 
maintained by means of a temperature 
controller and a magnetic valve (12). 

In Figs. 1 and 2 we show the powder sus- 
ceptibility x and reciprocal susceptibility l/x 
of UCrO, and CrNdTiO,, respectively, as a 
function of temperature T. For UCr04, the 
x vs T curve of Fig. 1 exhibits an anomaly in 
the neighborhood of 40°K. The paramagnetic 
Curie temperature 8 and effective moment 
peff, as determined from fitting the high tem- 
perature l/x vs T curve to a Curie-Weiss law, 
are -126°K and 3.438. Turning to CrNdTiOS, 

FIG. 2. Temperature dependence of the powder 
magnetic susceptibility of NdCrTiOS. The reciprocal 
susceptibility is also shown. 
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the x vs Tcurve has a peak at 9°K and a Curie- 
Weiss law fit to the l/x vs T curve yielded 
8 = -47°K and pcff = 5.408. 

For the ME measurements, samples of 
UCrO, and CrNdTiO, were pressed into 
cylindrical pellets approximately 2.5 mm high 
and 6 mm in diameter. Silver electrodes were 
#&ued on the faces and the samples were 
cooled down to 4.2”K in the presence of either 
parallel (EIIH) or perpendicular (EIH)) 
electric and magnetic fields. This prior ME 
annealing is necessary in order to induce a 
ME remnant state in an antiferromagnetic 
materiai (13). The magnetic moment induced 
in the material by the application of an alter- 
nating voltage to the electrodes was then 
measured as a function of temperature. 

As is well known (14), the magnitude of the 
measured ME susceptibilities will depend upon 
the magnitude EH of the annealing fields. We 
found that 10’ V-G/cm (22 kV/cm x 9 kG) 
was sufficient to achieve better than 90% of 
saturation for either annealing treatment. All 
measurements were performed using a tech- 
nique described previously (15). 

The results obtained are shown in Fig. 
3 and 4 for UCrO, and CrNdTiO,, respec- 
tively. For each compound, we show LX,, = 
Mz/Ez, measured in the z direction following 
an annealing treatment H,IIE, and a,, = 
MJE,,, the ME susceptibility measured in the 

FIG. 3. Temperature dependence of the powder 
magnetoelectric susceptibilities of UCrO* following 
annealing in parallel electric and magnetic fields and 
annealing in perpendicular fields. 
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FIG. 4. Temperature dependence of the powder 
magnetoelectric susceptibilities of NdCrTiOS following 
annealing in parallel electric and magnetic fields and 
annealing in perpendicular fields. 

x direction following an annealing treatment 
IS, L E,. For UCrO, the ME susceptibilities 
extrapolate to zero at 44.5 f 0.5”K, which we 
therefore identify as the Ntel temperature TN 
of this material. For CrNdTiOS, TN, as 
determined from the ME measurements, is 
20.5 A 0.5”K. 

Discussion 

By ME measurements, we have established 
that UCrO, orders at TN = 44.5”K. The nature 
of the ordering process is however not 
immediately obvious. Most probably it is the 
Cr3+ spins that order cooperatively at this 
temperature in an A, mode. For T < TN, the 
ordered Cr3+ spin system then induces, by 
means of exchange coupling, the observed A, 
structure of the paramagnetic U5+ moment 
array. The following two observations support 
this picture. 

1. The isomorphous compound UFeO, 
orders at 55°K and 57Fe Mijssbauer measure- 
ments (6) show clearly that the Fe spin 
system orders cooperatively below this tem- 
perature. 

2. The anomaly (of magnitude Ax N 2.5 x 
10e3 emu/mole), in the powder susceptibility 
curve at T 2~ 40°K (see Fig. 1) can be identified 
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with the onset of the Cr3+ ordering. The 
continued rise in x with decreasing temperature 
can then be attributed to the polarization of 
the electrons occupying the low lying crystal 
field doublets of the Us+ ions. To illustrate 
this, let us ignore any Us+-Us+ interaction 
and assume that only the lowest lying doublet 
is occupied. Then the polarization in the 
single ion or molecular field approximation, 
will result in contributions to the Us+ sus- 
ceptibilities of the form 

where A(T), the splitting of the Us+ ground 
state doublet, is given by 

A CT) = 2MLdT/~dIk,. (2) 

Here p is the 0°K magnetic moment of a Us+ 
ion, g, and g, are effective g factors in the 
x and z directions, H,,,(T/T,) is the effective 
field at temperature Ton a Us+ moment due 
to the ordered Cr3+ spins, and N and kB are 
Avagadro’s and Boltzman’s constants. 

Since the contribution of the Us+ moments 
to the total powder susceptibility x is given 
by the mean of the principal susceptibilities, 
it follows from Eq. (1) that x = x(Cr) + x(U) 
can continue to increase strongly with 
decreasing temperature in the region T c TN as 
long as T > A. Finally, we stress that there can 
be other contributions to x(U) in addition to 
those given in Eq. (1). These can be due to 
significant electron occupation of higher 
lying crystal field levels and/or terms of the 
Van Vleck type. The latter, in particular, will 
also increase with decreasing temperature. 

The ME susceptibilities of UCr04 (see 
Fig. 3) exhibit peaks at T= 17.5% essentially 
the same temperature at which the magnetic 
susceptibility undergoes a pronounced change 
in slope. This would indicate a crystal field 
splitting of this order of magnitude between 
the two lowest lying Kramer’s doublets of the 
Us+ ground term. (It is possible, but highly 
unlikely that this is instead the doublet 
splitting A of Eqs. (1) and (2) as this would 
require an H,, of 5 x 10s Oe). 

The effective magnetic moment per mole- 
cule unit may be calculated from 

Peff= k12UJ1 + 1) + g2zJ2v2 + W’“B (3) 

where g,, J, (i = 1, 2) refer to the g factors and 
angular momentum quantum numbers of tL 
two magnetic sublattices. Using an isolated ion 
picture for the Cr3+ and Us+ moments, Eq. (3) 
yields [22(l.5)(2.5) + (6/7)2(2.5)(3.5)1/2jI = 
4.628, considerably higher than the 3.348 
obtained from Fig. 1. If, from the 4.2”K 
neutron diffraction results (3), we take an 
effective g factor of 1.6 for the Cr3+ moments 
and further assume that the Us+ moments cam 
be described by J = 512, g,,, = 0.3, we obtain 
from Eq. (3) the value [(l.6)2(l.5)(2.5)+ 
(0.3)“(2.5)(3.5)]“‘jl= 3.228, in reasonable 
agreement with the 3.348 found from t 

7 magnetic measurements. This supports th 
conclusion of Bacmann et al. (3) that the 
magnetic moments of the Cr3+ and Us+ ions 
are significantly lower than those expected 
from simple crystal field considerations. The 
ratio (-B/TN) = 126/44.5 = 2.8 indicates that 
a given Cr3+ ion has strong exchange inter- 
actions with more than its nearest Cr3+r 
neighbors, these interactions may be with more 
distant Cr3+ ions and/or Us+ ions. 

Turning to CrNdTiOs, the ME measure- 
ments (see Fig. 4) show that this compound 
orders at TN =20.5”K. This is considerably 
higher than the 13°K ordering temperature 
reported by Buisson (7). Again, as in the case 
of UCrO,, there arises the question of which 
spin system(s) is (are) in fact ordering co- 
operatively at this temperature. 

The most likely process, as before, is that it 
is the Cr3+ spin system (or possibly only the 
95 % of the Cr spins located in (4f) sites) that 
orders cooperatively. The ordered Cr3+ spin 
system then induces, by means of exchange 
coupling, the G, A, mode of the paramagnetic 
Nd3+ array. In support of this process, we note 
that: 

1. In the orthorhombiccompoundsNdFe0, 
and NdCrO,, the magnetic moments of the 
Nd3+ ions are known to be polarization- 
induced by the ordered transition metal spins 
down to 1°K (16) and 4.2”K (17), respectively. 
The Nd-Nd interaction in these two systems 
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has been estimated to be 3°K (NdFeOJ (28)) 
and 2°K (NdCrOB (17)). It is most unlikely 
that the Nd-Nd interaction in CrNdTiOs will 
be an order of magnitude greater. 

2. The powder susceptibility curve of 
CrNdTiOs (see Fig. 2) shows no observable 
anomaly in the neighborhood of 205°K and 
continues to increase smoothly with decreasing 
temperature, reaching a peak at 9°K. This 
supports a picture wherein a part of the spins 
remains paramagnetic below TW (Note that, 
since x at T= TN is 3-4 greater in CrNdTiO, 
than in UCr04, the relative anomaly (d&)rN 
associated with the ordering will be corres- 
pondingly smaller.) 

If the peak in x is associated with the con- 
tribution of the lowest lying doublet to the xy 
plane susceptibility tensor elements, it follows 
that d(0) is approximately equal to 14°K and 
H&O) z 18 kg. (In order to obtain better 
estimates of d(0) and H&O), single crystal 
magnetization studies are necessary (18). 
Effective fields of this magnitude are found in 
most of the rare earth orthoferrites (19) and 
orthochromites (20) (not however in NdCrO, 
(17)) and this is a further indication that the 
observed Nd3+ moments in CrNdTiO, are 
induced by the ordered Cr3+ spins rather than 
being the result of a cooperative ordering of 
the Nd3* spin system. 

The measured effective magnetic moment 
per molecular unit as obtained from Fig. 2, is 
5.408. This is in excellent agreement with the 
theoretical value [22(1.5)(2.5) + (8/11)2 x 
(4.5)(5.5)]‘/“/? = 5.408 obtained using Eq. (3) 
and an isolated ion picture for the Cr3+ and 
Nd3+ moments. The ratio (-e/TN) = 47/20.5 = 
2.3, indicating that here also a given Cr3+ ion 
has strong exchange interactions with more 
than its Cr3$ nearest neighbors. 

The maximum measured values of the 
powder ME susceptibilities are (in gaussian 
units) 5.4 x lo+ and 1.1 x lobs for UCrO, 
and CrNdTiO,, respectively. For both com- 
pounds (21) 

cl,, = (1/3$@12 + a2d, (4) 

and, since cl,, # 0, it follows that the single 
crystal ME susceptibility tensor is not anti- 

symmetric. At the maximum value of cr,,, we 
have 

([al2 I, Ia21 I) a (W) (azJmax9 (5) 

where (a, b) denotes the greater of the quan- 
tities u,b at the temperature at which a=, = 
(azJmsx. From Figs. 2 and 4 we then have 

([a121, la211) B 1.9 x 10m4, 
(Ia121, la2J 2 3.0 x lo-‘, (6) 

for UCrO, and CrNdTi05, respectively. 
These values may be compared with (c&& = 
6.4 x 10e5 in Cr203 (22), the only other known 
ME material containing Cr3+ ions. 

We have seen that the powder ME suscept- 
ibilities of CrUO, exhibit peaks at the same 
temperature at which the slope of the magnetic 
susceptibility changes abruptly. Since, as 
argued earlier, such a change in slope can only 
be due to the magnetic behavior of the US+ spin 
system, it appears that the contribution of the 
Us+ moments to the ME susceptibilities is a 
significant one. The same conclusion can be 
reached regarding the contribution of the 
Nd3+ spin system to the ME susceptibilities of 
NdCrTiO,, where both sets of data (a and x) 
exhibit sharp peaks at 8-9X. A more exact 
determination of the relative contributions of 
the different spin systems to the ME suscept- 
ibility tensors of CrUO, and NdCrTiOS will 
require single crystal measurements. 

In conclusion, we have studied the magnetic 
and ME powder susceptibilities of UCr04 and 
CrNdTiO,. Their Neel temperatures were 
found to be 44.5 and 20.5”K, respectively, 
the Cr3+ spin systems of both materials 
ordering cooperatively at TN’ Below TN, the 
Us+ and Nd3+ moments are polarized by 
exchange interactions with the ordered Cr3* 
spins. It is argued that both of the spin systems 
in each of the two compounds contribute to 
the ME susceptibilities, making them the first 
known ME materials possessing two distinct 
magnetic sublattices. The effective magnetic 
moments calculated from the magnetic sus- 
ceptibilities are in good agreement with those 
previously reported (3, 7) by neutron diffrac- 
tion studies. Magnetization studies on single 
crystals and neutron diffraction measure- 
ments of the temperature dependence of the 
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magnetic moments of the individual sub- 
lattices would be useful to further clarify the 
ordering process in these compounds. 
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