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Nuclear polarization of Nd in the pseudocubic perovskite NdAlO3 studied by neutron
diffraction below 1 K
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Neutron-diffraction patterns collected on a powder sample of NdAlO3 at 1.035 K and 500 mK and on a
twinned crystal at 50 mK,T,1 K show an antiferromagnetic structure with the Nd31 moments perpendicular

to the trigonal axis of the crystal structure~rhombohedrally distorted perovskite,R3̄c,Z56). We obtain a
magnetic momentm5(160.1)mB . Below 200 mK a gradual increase of the magnetic lines is observed,
attributed to the progressive polarization of the nuclear-spin143Nd and 145Nd isotopes by the electronic
magnetic hyperfine fieldBh f . We obtainBh f566610 T. Comparison with other compounds shows that the
hyperfine field is proportional to the magnetic moment, consistently with the previously reported ratio,
Bh f /m5108 T/mB for the orthorhombic perovskites.

DOI: 10.1103/PhysRevB.68.224425 PACS number~s!: 75.30.Cr, 61.12.Bt, 61.12.Ld, 75.50.Ee
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I. INTRODUCTION

The polarization of nuclear spins by a magnetic field a
pears at extremely low temperatures. Therefore, it is v
difficult to study this phenomenon by neutron diffraction b
cause of the unusually sophisticated device required
achieve the thermal shielding, and also due to the w
nuclear magnetic moment as compared to the usual e
tronic values. The143Nd and 145Nd isotopes are two rare
cases, since their scattering lengths for thermal neutr
strongly depend on the nuclear spin state, giving a large
coherent scattering cross section when the nuclear spin s
are evenly populated. The coherent and incoherent scatte
lengths for thermal neutrons are, respectively,bc

514.2(5) fm, binc521.1(6) fm for 143Nd, and bc

514.2(5) fm,binc513(7) for 143Nd.1 This incoherent scat
tering would disappear at very low temperatures if t
nuclear spins are polarized by a strong magnetic field ei
external or created by the electronic moment, i.e., hyper
field. In the latter case, the spatial periodicity of the magn
cally ordered nuclei in a solid is the same as that of
electronic magnetic moment causing its polarization. The
fore the incoherent scattering becomes coherent, thus
creasing the intensity of the standard magnetic Bragg refl
tions. This has been called ‘‘hyperfine-enhanced nuc
polarization’s~HENP!, of the Nd nucleus.2

The effect has been observed in several Nd compou
with different magnetic structures such as NdPd3,3

Nd2CuO4,4 NdGaO3,2 NdScO3,5 and NdFeO3.6 In the first
two cases it is superimposed to rather complex magn
structures, making the problem difficult to study. The thr
latter compounds belong to the family of distorted pero
kites, with simpler crystal and magnetic structures. T
NdMO3 (M being a trivalent ion! compounds are exciting
since the ground state of the Nd atom is determined by
electric crystal field, which in turn depends on the symme
and distances to the nearest ions, and on the exchange
0163-1829/2003/68~22!/224425~10!/$20.00 68 2244
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stants, being different for each particular compound. A
consequence, the electronic magnetic momentm varies over
a wide range of values from about 1mB to that of the free
ion, 3.27mB . Thus these compounds enable us to study h
HENP depends onm. There are several types of magne
structures in this family. Using the Bertaut notation7 for the
Nd sublattice, these are classified ascz for NdCrO3,
NdCoO3, and NdGaO3, or gyax for NdScO3 and NdInO3, or
cyf x for NdFeO3. Most of these compounds have been stu
ied on powder samples with the inherent problem of overl
ping peaks and low intensity to background ratio.

A linear dependence of the hyperfine field with the ele
tronic moment, Bh f5Km, with K>10862T/mB was
proposed,8 but based on data obtained for NdCrO3, NdFeO3,
and some intermetallic compounds only. In this paper
review the existing data for pseudocubic perovskites
orthorhombic structure, in a comprehensive way.

The NdAlO3 is another interesting member of the fami
of distorted perovskites since it has a different crys
structure,9,10 in which the Nd is the sole magnetic ion. Th
available crystals, sized of;1 mm, are adequate to study b
neutron diffraction. The crystal structure of NdAlO3 derives
from the cubic perovskite turning the AlO6 octahedra by 10°
around one of the ternary axes of the cubic unit cell. As

consequence, the symmetry is rhombohedralR3̄c, with Z
56 in the hexagonal unit cell choice~Fig. 1!. The crystals
grow with faces perpendicular to the pseudocubic perovs
cell axes. There are four kinds of microtwins, each o
choosing one of the threefold axes of the cubic cell as tri
nal axis for the true rhombohedral symmetry. Because
this, frequent reference to the pseudocubic frame will
made throughout this paper. Figure 1 shows the relative
sition of the base vectors for the pseudocubic, rhombohed
and rhombohedral referred to hexagonal~obverse! axes. Let
us denote the indeices of a Bragg reflection, a crystal pla
or direction with a subscriptC, R, or H when referred to the
©2003 The American Physical Society25-1
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pseudocubic, rhombohedral, or hexagonal axes, for insta
(hkl)C .

Previous low-temperature~LT! heat-capacity (Cp) data
showed a phase transition atTN50.9360.01 K, which was
then attributed to a possible antiferromagnetic ordering
the Nd31 magnetic moments.11 The entropy and the shape o
the observed anomaly suggested a two-dimensional I
system withS51/2. In this work we focus on the determ
nation of the magnetic structure and the HENP of Nd in t
compound, by neutron diffraction in the temperature ran
50 mK ,T,2 K, on powder and crystal samples. Theor
ical expressions for HENP in a twinned crystal will also
obtained~in the Appendix! and applied to NdAlO3. The hy-
perfine fieldBh f found and the magnetic Nd momentm are
compared to available data for other Nd compounds, an
general rule connecting both magnitudes is deduced.

II. POWDER NEUTRON DIFFRACTION

The diffraction data were collected at the E
diffractometer12 of the BENSC in the Hahn-Meitner Institut
~Berlin!. Temperatures down to 50 mK were achieved us
a 3He/4He dilution refrigerator coupled to an standard IL
He gas flow device. The thermal neutron beam was mo
chromated by a set of focusing PG crystals using the~002!
Bragg reflection of graphite, givingl52.38 Å. The contri-
bution of the first harmonic withl/2 was reduced using
graphite filter to about a thousandth of the intensity in
monochromated beam.

The experiment was carried out on 0.5 g of NdAlO3
mounted on a copper vessel attached to the mixing cham
of the dilution cryostat. In order to improve the thermal co
tact between sample and mixing chamber, a small amoun
3He exchange gas was introduced in the sample hol
which proved to be effective down to about 200 mK. T

FIG. 1. Scheme of the crystal structure of NdAlO3, showing
some pseudocubic perovskite unit cells and the most represent
atoms around a Nd site. The unit cell axes for different choices
also depicted: (ac ,bc ,cc) for cubic, (aR ,bR ,cR) for the primitive
rhombohedral, and (aH ,bH ,cH) for the hexagonal description of th
rhombohedral lattice. The displacement of the O atoms with res
to their position in an ideal cubic perovskite structure are rep
sented by small strokes.
22442
ce

f

g

s
e
-

a

g

o-

e

er
-
of
r,

diffraction pattern was collected using a multidetector
BF3, with 200 channels of 0.1° width each. The data we
taken in steps covering the angular range 14.5°,2u
,82.4°, at temperaturesT 5 1 K and 500 mK, that is, above
the transition, and well below it, respectively. Figure 2 sho
the pattern measured at 500 mK together with the position
the nuclear and magnetic Bragg peaks. In addition to
Bragg reflections coming from the sample there are a
present some peaks of much stronger intensity coming f
the sample holder~copper! and from the several aluminum
layers which act as thermal shielding. Therefore the ra
52.3°,2u,63.5° was not measured and data in the ran
68.6°,2u,76° were excluded from the plot and not take
into account in the subsequent analysis. There are also s
peaks in the range 2u,52° coming from the sample holde
and shielding which are produced by thel/2 harmonic of the
incoming radiation. Finally there is an unexplained pe
about 2u525° which is present above 1 K and probably
comes from some unidentified part of the cryostat.

The magnetic contribution to diffraction is revealed by t
difference between the patterns taken at 500 mK and at 1
In the accessible range of measurement this difference sh
only a resolvable peak at 2u>32°, which can be indexed a

( 1
2 , 1

2 , 1
2 )C . It indicates purely antiferromagnetic order

which each Nd moment is antiparallel to its nearest nei
bors. The magnetic momentm can be deduced from the rela

ive
re

ct
-

FIG. 2. Experimental~circles!, calculated~line!, and difference
~lower line! powder neutron-diffraction patterns at 500 mK. Th
upper row of ticks shows the position of the nuclear Bragg pe

allowed for theR3̄c space group. The zero of they scale does not
hold for the difference pattern. The lower row indicates the posit
of the magnetic lines for all possible ordering modes with the sa
spatial periodicity as the nuclear structure. Some of them are
beled with respect to the hexagonal description of the rhombohe
unit cell. The~111! and ~002! reflections coming from the alumi
num of several layers of thermal shielding, which lie in the rang
52.3°,2u,63.6° and 68.6°,2u,76°, and the~111! and ~002!
reflections of the copper sample holder~at 69.6° and 82.5°, respec
tively! have been excluded. There are some peaks at abouu
550° produced by thel/2 harmonic, corresponding to the~022!
reflection of Al and also an unidentified peak at 25°, already pres
at 1 K. The continuous line is a calculated pattern for the antifer
magnetic ordering withm50.9mB .
5-2
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tive intensity of the magnetic peak with respect to the p
nuclear ones in the original pattern, which can be easily co
puted for the known crystal structure. The pattern calcula
for m50.9mB is compared in Fig. 2 to the experimental da
It fits properly the intensity of the reflection (111)C
5(202)H1(006)H . Adjusting the scale factor to fit the othe
observed nuclear reflection, (200)C5(024)H , would give
m51.1mB . Thus a resulting valuem5(1.060.1)mB can be
given, the uncertainty due to the two different values o
tained when using the first or the second reflection as sca
datum. The antiferromagnetic character of the order
agrees with the shape of the LT limit of thel peak~propor-
tional to T3) observed in the heat-capacity data.11 The ob-
tained value form agrees with the expected result fro
crystal-field calculations, based on the higher tempera
susceptibility and Raman spectrum, which gaveg51.81, or
m50.91mB , for the lowest doublet of the ground state.13

III. DIFFRACTION ON A TWINNED CRYSTAL

The experiments were carried out on the two axis diffr
tometer E4 of the BENSC with unpolarized thermal neutro
monochromated by a set of PG crystals selectingl
52.46 Å. The cryogenic system was the same used for p
der diffraction. The sample was a parallelepiped with dim
sions 33130.5 mm3, whose edges were parallel to th
pseudocubic unit cell axes. The crystal was twinned form
layers perpendicular to the longest direction so that e
layer has one of the four cube diagonals as trigonal axis
the true rhombohedral structure. The crystal was attache
the mixing chamber of the3He/4He dilution cryostat by a
copper plate of about 0.5-mm thick, 0.5-cm wide, and 5-
long. It was bent at the middle by 45° in order to keep t

@011̄#C direction upright. This enables us to measure
(hkk)C reflections. Due to twinning the intensity of such
reflection, recorded by a single detector, is in fact the con
bution of four kinds of twins. The angular degrees of fre
dom were the angle 2u between the incident and diffracte
beams and the rotation angle 0°,v,200° of the whole
cryostat around the vertical axis. Small rotations of the f
cryostat around two horizontal axes were allowed in orde
center reflections. Optical alignment of the crystal with
spect to the rotation axes of the goniometer was performe
room temperature~RT!, prior to installing the thermal shield
ing for the cryogenic device.

This kind of experiment presents some evident adv
tages over diffraction on powder: the ratio of diffracted i
tensity to background is much higher and also reflecti
coming from the sample holder and cryostat can be avoi
performing av scan~keeping the position of the detecto
and turning the full device around a vertical axis!. In addition
to this, the sample holder guarantees a better thermal ho
geneity and contact with the mixing chamber than for po
der, which can be an essential condition for the present
periment. There are also some drawbacks when workin
very low temperatures: only a very limited number of refle
tions can be measured; the relative values of the intensit
several reflections are not very precise because of the ab
tion by components of the sample environment; the exti
22442
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tion cannot be corrected properly, the optical alignment
the crystal is not possible, etc. Moreover, in this case
crystal is twinned and usually each diffraction peak is co
posed of several reflections coming from the different pa
ners, and it is not always possible to assure which one p
duces each peak or how many of them contribute to
whole intensity.

A check at RT of some nuclear reflections gave typi
differences of about 25% between Friedel opposite refl
tions, which gives an idea of the poor precision in the ab
lute intensity measurement. By contrast, measurement
the same reflection after several reorientations of the de
were reproduced within 1%. Therefore the absolute inten
of a reflection is only an estimation, but its thermal evoluti
can be considered as very reliable. Typical relaxation tim
to thermal equilibrium were about 15 min at the lowest te
perature reached~49 mK!.

The experiment was carried out as follows.
~a! With a view to distinguish the possible orderin

modes, or to discard the wrong possibilities, a collection
32 reflections geometrically accessible and indexable w
integer or half-odd numbers with respect to the pseudocu
unit cell was measured. The experiment was performed
1.035 K ~referred to in the following as ‘‘1 K’’ data!, and at
0.8 K. The aim was to identify the change in intensity
some reflections due to the magnetic ordering below 0.93

~b! We performed systematicv22u and v scans of all
magnetic reflections found in~a! from 49 mK up to 0.88 K to
study the HENP. Thev scans with 2u fixed were intended to
reveal effects coming from the sample environment, and
correct for the effects of any polycrystalline material distur
ing the measurements.

At 1 K all standard nuclear reflections allowed by th

space groupR3̄c were observed. Most of these are allow
for a perfect cubic perovskite structure and indexable w
integer numbers with respect to the pseudocubic axes~sub-
structure reflections!. Four observed reflections have ha
odd indices~superstructure reflections!, namely, (6 1

2 , 3
2 , 3

2 )C

and (2 3
2 ,6 1

2 ,6 1
2 )C . They are consistent with the kind o

distorted perovskite structure described above, and chara
ized by having three half-odd indices, and at least two
them of different absolute value.14,15 In this experiment it
means thatuhuÞuku, becausek5 l for the accessible reflec
tions. Due to the twinning of the crystal, some observ
superstructure reflections, which are forbidden by the sp
group R3̄c, but allowed for other differently oriented twin
partners, are observed. The intensities correspond rough
the calculated values using the structure factors dedu
from the reported atomic positions9 with the assumption of
random distribution of twins. Nevertheless, the reliabil
factor defined asRI5((I obs2I calc)/I obs>0.3, while in
usual four-circles diffractometry the typical values are le
than 0.1. This gives also an estimate of the absolute accu
of the intensity measurement.

Two new reflections appeared in the collection measu
at 0.8 K, namely, the (2 1

2 , 1
2 , 1

2 )C and (2 1
2 ,2 1

2 ,2 1
2 )C . In

addition, the four superstructure reflections, already pres
5-3



f a

ns
th

P

re

K

ns
d
ag
ta
li-

,

r

ti-
an

tic

un-

nt
ith
to

xes.

e

f-

ch
a

ell

rse
een

ns
K.

g-

ow
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at 1 K, increased their intensity indicating the presence o
antiferromagnetic order.

The evolution of the intensity of the magnetic reflectio
with temperature is shown in Fig. 3. The increase of
intensities below 200 mK is evident, revealing the HEN
effect. In agreement with neutron diffraction, theCp data11

did not reveal any Schottky contribution which could be
lated to the hyperfine polarization above 200 mK in NdAlO3,
contrarily to other compounds of the NdMO3 series. It is
remarkable that for NdFeO3, with a similar value ofm,6 the
magnetic reflection (100) increased already below 500 m
For NdCrO3, with m5(1.9360.3)mB ,16 the hyperfine polar-
ization can be observed already below 1 K in the Cp data.8

IV. THE HENP IN NdAlO 3

For experiments performed with unpolarized neutro
each reflection is composed of two contributions which a
incoherently: a conventional purely nuclear part and a m
netic plus hyperfine one. For the multidomain single crys
the intensity is given in the Appendix by the rather comp
cated expression~A7!, or by the~A9! expression for a mul-
tidomain twinned crystal, with

A5amf ~q!, ~1!

B52
^I z&bNd,inc

mAI ~ I 11!
52

bNd,incI

mAI ~ I 11!
BI S IgNmNBh f

kBT D , ~2!

where am5gm0e2/(8pme)52.695 fm/mB is the magnetic
scattering length,g the magnetogyric ratio for the neutron
me and e the electron mass and charge,m054p
31027 T m/A the vacuum permeability,f (q) the Nd31

magnetic form factor for a given scattering vectorq, kB the
Boltzmann constant,mN55.0508310227 J/T the nuclear
magneton,m the electronic magnetic moment,gN the nuclear
magnetogyric ratio, andT the absolute temperature.binc and
I are the incoherent scattering length and nuclear spin,
spectively, for a particular isotope of the Nd element.BI(u)

FIG. 3. Thermal evolution of the diffracted intensity of the ma
netic lines for the twinned crystal of NdAlO3, showing the HENP
below 200 mK. Lines are guides to the eye. The vertical arr
indicates the temperature of antiferromagnetic orderTN50.93 K.
22442
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is the Brillouin function that describes the nuclear magne
zation or the average angular momentum of a nucleus in
external fieldBh f , in this case produced by the magne
hyperfine interaction with the electronic moment.

The argument of the Brillouin function isu50.5 for a
typical value of the hyperfine fieldBh f5100 T, as encoun-
tered in other similar compounds, at 79 mK for143Nd and at
49 mK for 145Nd. Therefore forT.80 mK, ^I z& can be
approximated by the well-known Curie law:

^I z&5
~ I 11!u

3
5

I ~ I 11!gNmNBh f

3kBT
. ~3!

This approximation enables to average over the known ab
dance of the isotopes143Nd and 145Nd in natural Nd, to give
an effective hyperfine scattering length

be f f52
A7

2
@0.1218 binc

143gN
14310.0829 binc

145gN
145#

5~1.3360.18!fm. ~4!

In Ref. 6 a factor of 4 was included inbe f f to compute the
structure factor for four atoms per unit cell. In the prese
case this factor must be 1 when comparing the intensity w
substructure nuclear reflections, indexed with respect
pseudocubic axes, or 6 when referred to hexagonal a
Substituting in Eq.~2!, be f f for bNd,inc and replacinĝ I z& by
its high-temperature approximation@Eq. ~3!#

B5be f f

mNBh f

mkBT
, ~5!

which gives B50.47 fm/mB for typical valuesm51 mB ,
Bh f5100 T, and atT5100 mK, whereasA is slightly lower
than am ~i.e., B/A;0.17). Therefore in the temperatur
range of interest the termB2 in the expansion of (A1B)2 in
Eq. ~A7!, or in Eq. ~A9!, can be dropped out, and the di
fracted intensity (I di f f) becomes simply proportional toA
12B,

I di f f5C~A12B!5CS amf ~q!1
mNBh f

mkBT D , ~6!

whereC is independent of temperature, but different for ea
reflection. This result holds for powder as well as for
single, multidomain, or twinned crystal. At temperatures w
belowTN , whenm can be considered independent ofT, I di f f
is proportional tox51/T, and extrapolates toI di f f50 for
A522B, that is when

x5x0[2
amf ~q!mkB

2be f fmNBh f
, ~7!

where all parameters are known, exceptBh f . Figure 4 shows
the intensity of the magnetic reflections versus the inve
temperature. The nuclear part, measured at 1 K, has b
subtracted from the experimental intensity. All six reflectio
show a linear dependence below 300 mK down to 65 m
The form factors for the reflections (6 1

2 ,6 1
2 ,6 1

2 )C , (6 3
2 ,

6 1
2 ,6 1

2 )C , and (6 1
2 ,6 3

2 ,6 3
2 )C are f (q)50.903, 0.700,
5-4
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and 0.552, respectively.1 Accordingly, the extrapolations to
I di f f50 in Fig. 4 should keep the ratio of the form factor
This indeed holds approximately for the four most inten
reflections, whereas (2 3

2 ,6 1
2 ,6 1

2 )C are too weak for the
extrapolation to give a well-defined result. The magne
form factor for neutron diffraction is the Fourier transform
the density of the unpaired electrons having magnetic m
ment. Usually it is computed in the approximation of sphe
cal symmetry~i.e., in the International Tables for Crystallog
raphy!. Nevertheless this approximation does not necessa
apply to the present compounds. In addition to the exp
mental problems discussed before, probably the lack
spherical symmetry has a noticeable influence on the ano
lous intensities of the high-angle magnetic Bragg reflecti
for a crystal. The safest procedure is to consider only t
(2 1

2 ,6 1
2 ,6 1

2 )C reflections, which are less affected by th
form factor, close to unity whatever is the spatial distributi

FIG. 4. Plot of the intensity of the observed magnetic lin
measured on the crystal of NdAlO3 vs the inverse temperature. Th
standard nuclear intensity has been measured at 1.035 K and
tracted from the data to get the magnetic plus hyperfine contr
tion. The straight lines are fits in the temperature range where
dependence is approximately linear, as described in the main
The vertical line corresponds tox50, or T→`.
22442
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of the electronic magnetic density. The extrapolation to z
givesx0538K21 or Bh f /m5(6665)T/mB . Using the value
of m obtained from the powder experiment givesBh f566
610 T.

The pure magnetic intensity can be obtained extrapola
linearly I di f f to x50 (T→`). The magnetic moment ca
then be deduced comparing this magnetic intensity w
those of pure nuclear reflections, although there are so
experimental difficulties that will be discussed below. For t
measured magnetic reflections let us define the reduced m
netic intensity as the experimental intensity divided by t
Lorentz factor times the squared form factor@ I red
5I di f fsin 2u/f(q)2# which should be proportional to the trigo
nometric factor in Eq.~A7! for a single crystal, divided in
magnetic domains. Assuming a planar magnetic struct
sin2um51, cos2um50, and this factor reduces to (
2 1

2 sin2x), which in turn becomes constant when all twin
are equally present in the sample. Under these conditions
expect the sameI red for all reflections. It is surprising to find
the strong reduced intensity of the (6 1

2 , 3
2 , 3

2 )C reflections
and the weakness of the (2 3

2 ,6 1
2 ,6 1

2 )C ones. Nevertheless
the vicinity of the ~200! reflection of Cu (2u586°), from
the much more massive sample holder, makes the result
picious even when the data have been subtracted from t
at 1 K. We also performed anv scan with fixed 2u value to
the maximum obtained in thev22u scan to avoid the spu
rious contributions coming from polycrystalline componen
of the experimental device, but it gave similar results.

The linear extrapolations toT→` of the magnetic plus
hyperfine contribution of the reduced intensities are given
Table I. These results rule out the possibility that all kind
twins and all the domains in each one are equally pres
However, there are more unknowns than experimental da
we try to fit the occupancies of all twins and magnetic d
mains, therefore the direction of the magnetic moment c
not be unambiguously determined. Two simple cases h
been tested. For a planar magnetic structure with all dom
equally present, the trigonometric factors are also given
Table I. The calculations would be roughly consistent w
the experimental data if only the twin 2~which has the

@ 1̄11#C as trigonal axis! is present, but this is hardly accep

ub-
u-
e

xt.
ystal,

e

TABLE I. Reduced magnetic intensity for the magnetic reflections observed in the twinned cr
defined as the extrapolation toT→` of the experimental diffracted intensity minus the nuclear part~mea-
sured at 1 K!, and divided by the Lorentz (1/sin 2u) and squared magnetic form@ f (q)2# factors. Also the

values of 12( 3
2 sin2um21)sin2xicos2um ,i5124 @Eq. ~A7!# are listed for the four kinds of twins when th

magnetic moment is perpendicular to trigonal axis, cosum50. The trigonal axis for each twini is TW1

→@111#C , TW2→@11̄1#C , TW3→@ 1̄1̄1#C , TW4→@ 1̄11#C .

(h k l)C I obs I red TW1 TW2 TW3 TW4

2
1
2

1
2

1
2

5060 3359 0.56 1 0.56 0.56

2
1
2 2

1
2 2

1
2 3940 2614 1 0.56 0.56 0.56

2
3
2

1
2

1
2

443 826 0.52 0.88 0.64 0.64

2
3
2 2

1
2 2

1
2 386 720 0.88 0.52 0.64 0.64

1
2

3
2

3
2

3575 11730 0.72 0.93 0.51 0.51

2
1
2

3
2

3
2

2259 7412 0.93 0.72 0.51 0.51
5-5
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PALACIOS, BARTOLOMÉ, LUIS, AND SONNTAG PHYSICAL REVIEW B68, 224425 ~2003!
able and incompatible with the experimental fact that at 1
reflections coming from at least two kinds of twins are o
served. Another approach is to assume that all magnetic
ments are collinear in the whole crystal, then the direct
which agrees the best with the experimental intensities is
@110#C , again consistent with a planar structure. We co
clude that the simplest magnetic structure compatible w
the experimental data is antiferromagnetic with mome
along the@110#C and perpendicular to the trigonal axis.

The value of the magnetic moment could be obtained
the magnetic intensities can be brought to an absolute s
However the experimental nuclear intensities agree po
with the calculated values and the scale factor is estima
with a large standard deviation. Therefore we prefer to t
in what follows the value obtained from powder diffractio
m5(1.060.1)mB .

V. STUDY OF THE HENP IN OTHER PEROVSKITES

In this section, we briefly review previous experimen
results that provide information on the HENP in several
perovskites. We have analyzed the existing data, which
plotted in Fig. 5, using the same method discussed in
preceding section.

NdFeO3 was extensively studied in the past.6 The data of

FIG. 5. Plot of hyperfine field vs magnetic moment for seve
perovskites, with different magnetic moment values. The stra
line is the theoretical predictionBh f (T)5113m(mB).
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hyperfine field and magnetic moment are included in Fig
On powder samples the HENP was not observed,17 probably
due to lack of thermal contact between the mixing cham
and sample, the actual temperatures being much higher
the nominal values, as measured at the mixing chamber.
LT magnetic structure of the Nd sublattice is driven by t
exchange field with the Fe ions.6 It can be classified as typ
cyf x . Usually the hyperfine contribution to the scatterin
amplitude is coherently added to that of the magnetic s
tering~see the Appendix!. The HENP is produced then by th
cross terms between these two contributions. The magn
structure of NdFeO3 has the peculiarity of having a few re
flections, allowed by the spatial periodicity of the magne
lattice but whose usual magnetic diffraction amplitude va
ishes because the Nd magnetic moment~m! is parallel to the
scattering vector. Thus it was possible to study the hyper
contribution alone on a single crystal. The pure hyperfi
contribution for the reflection~010! and the magnetic plus
hyperfine ones for the~100! reflection could be fitted as a
function of temperature using only the hyperfine field as
rameter, and adjusting the magnetic moment value by c
parison with pure nuclear reflections.

For NdGaO3 the data have been taken from Fig. 2 in R
2 and plotted in Fig. 6 as a function of 1/T. Using expression
~7!, Bh f /m5110610 T/mB . Taking the magnetic momen
obtained in the same workm5(1.160.2)mB gives Bh f
5120 T.

For NdScO3 the data have been taken from Ref. 5. T
ratio Bh f /m has been calculated again using expression~7!
in order to compare several compounds using the same
cedure, rather than the procedure used in the original w
that used the slope of the plot, and where any error on
scale factor affects the result. Finally,Bh f /m596
610T/mB ,m52.07(13)mB , andBh f5197610 T.

The compounds NdCoO3 and NdInO3 were studied by
neutron diffraction above 250 mK and 280 mK

l
t

FIG. 6. Plot of the diffracted intensity against 1/T for the mag-
netic reflections~010! 1 ~100! and ~012! 1~102!, of NdGaO3,
taken from Fig. 2 in Ref. 2.
5-6
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NUCLEAR POLARIZATION OF Nd IN THE . . . PHYSICAL REVIEW B 68, 224425 ~2003!
respectively,18 and no indication for HENP was detecte
This suggests a lower hyperfine field (Bh f,150 T!. This is
very surprising for the In compound since it has the sa
crystal and magnetic structures and somewhat higher m
netic moment than NdScO3. Thus a similar or stronger hy
perfine field is expected. We suggest, as a possible expl
tion, that the temperature of the sample was higher than
indication of the thermometer attached to the mixing cha
ber in all experiments performed on powder.

VI. DISCUSSION

We first discuss the type of magnetic ordering in NdAlO3.
In the case of distorted perovskites belonging to the ort
rhombic space groupPbnm the three nonequivalent direc
tions allow different values of the exchange constants, wh
can be positive or negative between nearest Nd neighbo
the crystal directionc or in theab plane, giving a variety of
magnetic ordering types in the studied compounds.
NdAlO3, the three pseudocubic cell directions are equival
by the space-group symmetryR3̄c. That is, all Nd-Nd near-
est neighbor intervectors and atomic environment are equ
lent. Therefore the exchange constants should be equa
symmetry in the three spatial directions, forming a thre
dimensional~3D! magnetic lattice.

However, the temperature dependence ofCp data11 shows
a large tail forT.TN , which suggests a low-dimension
magnetic order. Specially the low critical entropy obtain
from these data,Sc /R50.31(1), is quite smaller than the
predictions for all simple 3D models of magnetic interactio
but fits very well the theoretical value for 2D Ising mode
for the square planar latticeSc /R50.3065, and for the tri-
angular latticeSc /R50.3303. This fact is difficult to under
stand.

A 2D system could occur if the exchange constants
tween nearest neighbors were very weakly antiferromagn
and the second neighbor interaction were stronger and fe
magnetic. The second neighbors form planes perpendic
to trigonal axis of the structure. In each plane the Nd ato
form a triangular lattice, with an O atom exactly on the li
between each of the two Nd atoms, not equidistant of b
The nearest distance between Nd atoms belonging to
secutive planes~nearest neighbors in the 3D lattice and l
cated at the center of two consecutive pseudocubes! is about
A2 times shorter but there are no atoms directly in betwe
This interaction has to be mediated by four O atoms w
Nd-O-Nd angles near 90° which could be antiferromagne
and weaker than the intraplanar interaction. The distanc
the next plane is the same as the intraplanar one, but
Nd-O-Nd angle is 168°, which eventually could make t
interaction weaker than within a plane. In such a case
system could exhibit a 2D behavior, in agreement with
Cp data.

Now the hyperfine polarization in the perovskites will b
discussed. The hyperfine field obtained from the HENP
been plotted against the electronic magnetic moment in
5. For the orthorhombic perovskites and some other inter
tallic compounds the data lie roughly on the straight lineB
5Km with K5108 T/mB . This hyperfine polarization ha
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been also observed in LTCp measurements.6,8,11,19 The
nuclear contribution to the specific heat is related to the th
mal population of the nuclear magnetic states, split by
hyperfine field. IfgNmNBh f /kBT!1 holds, this contribution
can be written as

Ch f /R5
I ~ I 11!

3 S gmNBh f

kBT D 2

. ~8!

Most of the experiments have been performed above
mK. As a result, the data provide only a rough estimate
Bh f , and only when it is strong enough,Bh f.200 T. For the
Fe, Ga, Co, and Al compounds it has not been observed
agreement with neutron diffraction data that indicate
themBh f'100 T. As an exception the Cr compound is o
of the best studied because there are no other distinguish
contributions below 1 K. The hyperfine field (210620 T)
lies on the straight line. For other compounds theCp data
predict hyperfine fields different from the neutron-diffractio
results or away from the line, but they have to be taken w
skepticism due to experimental difficulties. Therefore o
can conclude that in the orthorhombic perovskites the hyp
fine field is proportional to the magnetic moment. By co
trast, in NdAlO3 the HENP becomes observable unambig
ously at lower temperatures than for other perovskites w
similar Nd magnetic moment, such as the Fe or Ga co
pounds. It departs from the straight line to a lower value

We may compare these results to the expected va
from a simple theory. In the rare-earth compounds the cry
field is very weak and splits the ground manifold of the fr
ion, 4I 9/2 into five doublets. The coefficients of the groun
doublet depend on the symmetry and distances to the ne
boring ions and vary from one particular compound to a
other, resulting in a different magnetic moment. In Nd31 the
quadrupolar term of the hyperfine interaction can be
glected against the magnetic term. The magnetic hyper
field created by the electronic cloud and acting on
nucleus is given by expression~17.32! in Ref. 20, adapted to
the International System of Units~IS!,

Bh f522
m0

4p
mB^r 23&N, ~9!

where the vectorN is defined in the expression~17.48! of the
same reference as

N5 (
f electrons

H l i2si13
r i•si

r i
2

r iJ , ~10!

where the core polarization due tos electrons has been ne
glected, since it is known to account for a few percent
most in 4f ions ~Table 5.5 and p. 705 in Ref. 20!. Usually a
precise knowledge ofBh f by ENDOR or atomic beam triple
resonance is used to determine^r 23&, allowing a comparison
with theoretical atomic models. The ground level of the fr
Nd31 ion is a linear combination of states with differe
values ofL andS but can approximately be considered as
manifold with 4I 9/2, since the modulus of the coefficient i
the combination exceeds 0.98~1 means a pureL,S,J state!
for L56, S53/2, J59/2.21 In the ground level of the free
5-7
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ion characterized by (L,S,J), N can be replaced by its pro
jection overJ, ^JiNiJ&J. The reduced matrix element fo
Nd31 is given in Table 20 of Ref. 20:̂JiNiJ&52237
317/(33112).

The interaction with the crystal field splits the groun
ionic level ~formed by ten states! into five Kramers doublets
Below TN , the ground doublet is in turn split by the ex
change interactions and the ground single state can be
ten as a linear combination of theuJM& states withJ59/2:
uC0&5(M529/2

9/2 CMuM &. Then the expected value of the ve
tor N is

^N&5^Nz&5^JiNiJ& (
M529/2

9/2

M uCMu2. ~11!

Moreover the magnetic moment ism52gJmBJ for the
free ion with the Lande´ factor for Nd31 gJ58/11, which
gives the saturation momentm/mB5gJJ536/1153.27. For
the ion in the crystal field the magnetic moment in its grou
state is

^m&52gJmB (
M529/2

9/2

M uCMu252gJmB

^N&

^JiNiJ&
. ~12!

Therefore the hyperfine field is proportional to the ma
netic moment. The ratio is

K[
^Bh f&

^m&
5

m0

4p

2^r 23&
gJ

^JiNiJ&, ~13!

whenBh f is expressed in tesla, the magnetic moment in B
magnetons, andr in atomic units, which makesK(T/mB)
522.57̂ r 23&. For the free ion values of̂r 23&.5 a.u. are
reported,22 giving K5113T/mB , which agrees very wel
with the experimental values found for well-studied interm
tallic compounds with transition-metal atoms as Nd2Fe17,
NdFe11Ti ~Ref. 23! whereBh f has been determined by NMR
or Nd2Fe14B, using 145Nd-Mössbauer spectroscopy.24

In other compounds probablŷr 23& is not too different
since the 4f electrons are weakly perturbed by the crys
field. Then the ratio of hyperfine field to magnetic momen
expected to be close to the theoretical straight line, as h
pens with NdFeO3, NdGaO3, and NdCrO3. On the other
hand, NdScO3 and NdAl2 fall somewhat below the predicte
line ~Fig. 5!. The experimental point of NdAlO3 falls still
lower than both the predicted line and the two latter co
pounds. Since the Nd31 momentm561 mB is quite similar
to that found in the orthorhombic perovskites and to
value deduced from the crystal-field calculations, we belie
that this value is beyond doubt. We must conclude that
low value of the hyperfine field we observe is due to
additional opposite contribution to the electronic magne
field one. Since the main difference of NdAlO3 to the other
perovskites reviewed is the magnetic structure, appare
2D, and the value of the exchange interaction, we can o
conjecture that the exchange biased core-polarization co
bution to the hyperfine field is not negligible when compar
to the low value in NdAlO3, and is different in the two types
22442
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of perovskites, giving rise to the departure from the pred
tion based on the neglect of this contribution.

In summary, the experiments reported in this work rev
some specific features of NdAlO3 when compared with othe
Nd pseudoperovskites.

~a! The neutron diffraction technique at very low temper
tures (T,1 K) allows us to study ordered Nd sublattices
perovskites. Since their magnetic moments differ marke
from the free ion value our experiments have allowed
determine their hyperfine fieldBh f and find their correlation
with the electronic magnetic momentm in a very large range.
The analysis of the experimental data shows a linear dep
dence withBh f /m5108 T/mB , very close to the value cal
culated from simple considerations.

~b! The magnetic structure is a pure antiferromagne
one, which can be classified asl 5m12m2, in the notation of
Turov25 for the space groupR3̄c, i.e., with antiparallel mo-
ments at the two sites of the rombohedral primitive unit ce
and also with all nearest neighbors oppositely oriented. T
is in contrast to the NdMO3 orthorhombic perovskites wher
the pure antiferromagneticg structure is never found.

~c! The Nd31 magnetic moment is similar to the on
found in the orthorhombic perovskites with short Nd-O d
tances, as in the cases of NdFeO3 or NdGaO3, but the ratio
of hyperfine field to magnetic moment is somewhat lowe
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APPENDIX HYPERFINE PLUS MAGNETIC
STRUCTURE FACTOR FOR A TWINNED CRYSTAL

The magnetic plus hyperfine structure factor is given
the vector6

Fhkl
m1h5(

j
expS 2Bj

sin2u

l2 D exp@2p i ~hxj1kyj1 lzj !#

3S amf ~q!^mj'&2
bNd,inc^I j&

AI ~ I 11!
D , ~A1!

where the summation runs over the Nd atoms in the unit c
am52.695310215 m/mB is the magnetic scattering length
mB the Bohr magneton,f (q) the magnetic form factor,Bj
the thermal factor for the atomj, I j the nuclear spin operator
mj the magnetic moment,q52p(ha* ,kb* ,lc* ) the scatter-
ing vector,mj'5mj2(mj•q)q/q2 the projection ofmj over
the plane perpendicular toq, andbNd,inc the incoherent scat
tering length of the Nd atom at the sitej, at room temperature
for thermal neutrons. Only the spin incoherence must be c
sidered: when there are several isotopes a properly weig
average should be made. The angular brackets hold for t
mal or quantum average and they will be omitted in t
following, when there is no possible confusion.

The thermal parametersBj are negligible in the range o
temperatures of interest in this work. For NdAlO3 the mag-
5-8
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NUCLEAR POLARIZATION OF Nd IN THE . . . PHYSICAL REVIEW B 68, 224425 ~2003!
netic lattice contains two antiparallel moments per primit
rhombohedral unit cell, the positional factors being11 and
21, respectively~multiplied by a physically meaningles
global phase which depends on the choice of the coordi
origin!, and contributing equally toFhkl for the allowed re-
flections, which can be indexed with respect to the pseudo
bic unit cell with all the three half-odd numbers. Therefo
only one atom needs to be considered. Moreover, due to
strong hyperfine field the nuclear spin has the same direc
as the magnetic moment. Then the structure factor can
written as

F5Am'1Bm5~A1B!m2A
m•q

q2
q, ~A2!

whereA5amf (q) and B52^I &bNd,inc^m&AI (I 11). For a
single crystal the diffracted intensity is proportional to

uFu25~A1B!2m22~A212AB!
~m•q!2

q2
. ~A3!

In the range of temperatures of interest usuallyB!A holds
and (A1B)2 can be replaced byA212AB, which results for
uFu2 an expression similar to the usual magnetic diffractio
replacingA1B for A. In this case the cross term 2AB domi-
nates the additional contribution due to the hyperfine po
ization of the nuclear spins. Nevertheless, whenq is parallel
to m, m'50, and the pure hyperfine contribution is the
proportional tom2B2, giving a quite weaker extra contribu
tion, as seen in NdFeO3, Ref. 6.

In a crystal belonging to theR3̄c space group, there ar
six equivalent directions to a given one. Half of them a
related by the threefold symmetry axis and the other half
related to the former one by a glide symmetry plane~the
generatorc in the space group symbol, which acts as a p
binary axis on the magnetic moments!. When the crystal or-
ders antiferromagnetically, if the easy direction is withou
special symmetry, it splits into six kinds of magnetic d
mains. Three of them are related by successive 120° r
tions around the trigonal axis. The remaining three by thc
glide plane. There can also be domains related by pure tr
lation or inversion of the sense of the moments, and se
rated by 180° domain walls, but these are not distinguisha
by neutron diffraction. Let us callme the projection of the
magnetic moment on the trigonal axis andmp the projection
on the plane perpendicular to it. The scattering vectorq,
which is perpendicular to the family of crystallograph
planes (hkl) and has a modulusq54psinu/l, can also be
decomposed into two perpendicular vectorsqe andqp . The
squared scalar product in Eq.~A3! can be written as

~m•q!25~mp•qp1meqe!
2

5~mp•qp!21~meqe!
212mp•qpmeqe . ~A4!

Let us call w the angle betweenmp and qp , x the angle
betweenq and the trigonal axis, andum the angle betweenm
and the trigonal axis. Let us assume that there is the s
volume of each kind of domains. Then the square of
structure factor for a single domain must be replaced by
22442
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average of three terms withw, w1120°, andw2120°, re-
spectively. The productmeqe is the same for all three, while
the average ofmp•qp vanishes and the average of its squa
is

^~mp•qp!2&5
1

3 (
n50,61

FmpqpcosS w1
2pn

3 D G2

5
1

2
mp

2qp
2 .

~A5!

The same result holds for the three domains related by thc
glide plane. The average of (m•q)2 can be obtained by sub
stituting Eq.~A5! in Eq. ~A4!:

^~m•q!2&

m2q2
5

1

m2q2 S 1

2
mp

2qp
21me

2qe
2D

5S 3

2
sin2um21D sin2x1cos2um . ~A6!

The diffracted intensity is proportional to the average
the squared magnetic plus hyperfine structure factor o
single domain, obtained by inserting Eq.~A6! into Eq. ~A3!:

^uFu2&5m2$~A1B!22~A212AB!

3@~ 3
2 sin2um21!sin2x1cos2um#%. ~A7!

Therefore, whenB50, that is, for a pure magnetic case, th
expression reduces to the usual diffracted intensity for a m
tidomain crystal, while when the nuclear polarization is s
able, it gives rise to a term proportional toA212AB ~which
adds coherently to the magnetic contribution! and to another
which adds incoherently to the magnetic part, proportiona
B2, which is independent of the direction ofq andm.

In the present case the crystal is twinned, the trigonal a
being one of the four ternary axes present in a perfect cu
perovskite structure, namely, the directio

@111#C , @ 1̄11#C , @ 1̄1̄1#C , and@11̄1#C , which can be ob-
tained by successive 90° rotations around one of the four
axes of the cube. Let us denote these directions by the ve
e5(ex ,ey ,ez), with ei561,i 5x,y,z. In this work the hex-
agonal axes are taken as sketched in Fig. 1, that is, the
dexation is strictly correct for the twin that has the@111#C as
trigonal axis, or nominal twin. For a particular reflectionq
has any direction. Its components with respect to
cubic axes are denoted byq5(qx ,qy ,qz). The anglex with
the trigonal axis of a particular twin is given by

cosx5
e•q

eq
5

exqx1eyqy1ezqz

qA3
. ~A8!

The sum of the squared cosines for the four kinds of twin
( i 51

4 cos2xi54/3. When all the four kinds of twins are
equally present, the intensity of a reflection produced by
magnetic plus hyperfine polarization is obtained by replac
in Eq. ~A7! sin2x by 1

4 ( i 51
4 sin2xi52/3, to get the average

squared structure factor for a multi-domain twinned crys
or a powder:
5-9
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^uFm1hu2&5m2$~A1B!22~A212AB!@~ 3
2 sin2um21! 2

3

1cos2um#%5m2@ 2
3 ~A1B!21 1

3 B2#. ~A9!

Therefore, on a powder or a multidomain twinned crys
when the reflections coming from a single domain or tw
cannot be resolved, 2/3 of the amplitude of the hyperfi
contribution adds coherently to the usual magnetic one,
1/3 of the hyperfine part does incoherently, irrespectively
the direction ofm or q. At not too low temperatures usuall
B!A, and the cross term 4AB/3 in the expansion of 2(A
1B)2/3 dominates the hyperfine contribution. It can be co

*Author to whom correspondence should be addressed. FAX:
76761229; electronic address: elias@posta.unizar.es
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