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The three-dimensional magnetic ordering of the Nd** ions in NdGaO; has been studied by means of
neutron powder diffraction. The transition to the antiferromagnetic state takes place at Ty~1 K.
Below this temperature, the Nd** magnetic moments are oriented along the ¢ axis in a ¢, mode. The
value of the saturated magnetic moment (=~1.1up) is drastically reduced below the free ion value
(3.27up) due to crystal-field effects. The main contribution to the Nd-Nd magnetic interaction appears
to be superexchange, the classical dipole-dipole interaction being too small to account for the observed
Néel temperature. Below 300 mK, we observe an additional enhancement of the magnetic reflections.
The analysis of the Q dependence of the neutron powder-diffraction intensities allowed us to interpret
this increase as due to the polarization of the nuclear moments of the '**Nd and '**Nd isotopes in the
hyperfine field created by the Nd** electronic moments. The particular conditions which lead to the ob-
servation of this phenomenon in NdGaOj are briefly discussed.

I. INTRODUCTION

It is well known that the hyperfine field created by the
electronic magnetic moments can be used to orient the
nuclear spins.’? Although several experimental methods
can be used for the study of this phenomenon, the
scattering of thermal neutrons is particularly appealing
since its cross section depends on the relative orientation
of the spins of the neutrons and the nuclei.

Because of its high scattering power for this process,
the **Nd and **Nd isotopes are ideal candidates for the
study of nuclear polarization effects. In fact, in the re-
cent literature, they have been already observed in several
Nd-based compounds as NdPd,;,®> Nd,CuO,* or
NdNiO;.5 The quantitative analysis of this phenomenon
in the former cases was however rather complicated. In
NdPd,, the reason was the incommensurate magnetic
structure displayed by the Nd magnetic moments. For
Nd,CuO, and NdNiO;, the presence of a second magnet-
ic ion (Cu®* and Ni3t, respectively) introduced also addi-
tional difficulties: in NdNiO;, for example, a nuclear po-
larization of 60% and an increase of the electronic mag-
netic moment of Nd** from 2uy to ~3ug produce Riet-
veld refinements with identical reliability factors.

To avoid these difficulties, we decided to study the
perovskite NdGaO;, with only one type of magnetic ion
(Nd3t). The crystallographic structure of NdGaO; is
nowadays well known. In a previous paper dealing with
the rare-earth gallates RGaO; (R=La,Pr,Nd),® we re-
ported several neutron powder-diffraction experiments
showing that the three compounds are orthorhombically
distorted perovskites between room temperature and 12
K. In the case of LaGaO; and PrGaO;, the collective

0163-1829/95/52(6)/4275(9)/$06.00 52

tilts of the GaOg octahedra correspond to those of the
GdFeO;-type structure, which is described by the cen-
trosymmetric Pbnm space group. On the other hand,
NdGaO; was described by the noncentrosymmetric
Pbn2, space group, following the single-crystal x-ray
diffraction study of Brusset.” Recent higher-resolution
x-ray diffraction experiments on single-domain crystals
have however shown that the true symmetry of this com-
pound is Pbnm.® The presence of a center of symmetry
has been confirmed by chemical etching, using molten
KOH at 500°C.°

Concerning the magnetic properties, we should men-
tion a recent work of Bartolomé et al.,'® where a sharp
A-type peak in the specific heat at 0.97 K has been inter-
preted as the signature of the three-dimensional (3D)
magnetic ordering of the Nd*' magnetic moments.
From the analysis of the critical region, these authors
conclude that (a) the Nd-Nd magnetic interaction should
be antiferromagnetic and (b) NdGaOj is one of the best
realizations of a simple cubic spin-1/2 XY model in a
rare-earth system.

Due to the insulating nature of NdGaOj;, the most
probable mechanisms for the Nd-Nd magnetic coupling
are the superexchange and the classical dipole-dipole in-
teraction. Although the latter is expected to be rather
small, it cannot be neglected a priori because of the low
magnetic ordering temperature observed in this com-
pound. From the analysis of the specific-heat data, Bar-
tolomé et al.'® found however a dipolar contribution two
orders of magnitude smaller than the one needed to ex-
plain their experimental data. The superexchange in-
teraction is then expected to be dominant.

In this work, we have reanalyzed our previous neutron
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powder-diffraction data with the proper space group. In
addition, we have investigated the temperature range be-
tween 10 mK and 1.4 K in order to determine the nature
of the 3D magnetic ordering observed in the specific-heat
measurements. In Sec. V, the group theory analysis of
the possible symmetry-allowed magnetic configurations
and the determination of the magnetic structure below
0.97 K are presented. The magnetic interactions respon-
sible for the stabilization of the observed magnetic ar-
rangement are also briefly discussed. In Sec. VI, we
present clear evidence for the existence of a substantial
hyperfine-enhanced polarization of the nuclear spins of
the *Nd and **Nd isotopes below 300 mK. To our
knowledge, this is the first time that the presence of nu-
clear polarization is unambiguously established from the
different Q dependences of the nuclear (hyperfine-
enhanced) and magnetic cross section in a neutron
powder-diffraction experiment.

II. EXPERIMENTAL DETAILS

About 8 g of the NdGaO; polycrystalline sample were
used in the present study. The synthesis route has been
already described in the previous work.® The neutron
powder-diffraction experiments were performed at the
reactor Saphir of the Paul Scherrer Institute. We used
the powder diffractometer DMC,!' whose position-
sensitive detector is equipped with an oscillating radial
collimator to suppress the scattering from the sample en-
vironment. Several neutron powder-diffraction patterns
were recorded between 10 mK and 1.4 K in the high-
intensity mode (A=1.7000 A, vertically focusing Ge (311)
monochromator, primary Soller collimation removed,
scattering angle step=0.2°). To reach temperatures
down to 10 mK, we used an Oxford Instruments 200 NS
SHe-*He dilution refrigerator. The temperature gradient
between the cryogenic mixture and the sample was mini-
mized by condensing liquid helium into the sample con-
tainer (a copper cylinder of 8 mm diameter and 5 cm
height). A calibrated Ge resistor and a ®Co/Ge y-ray
detector were used for the control of the temperature.

The data were analyzed with the Rietveld program
FULLPROF.!? To refine the structure parameters, we
reanalyzed the high-resolution neutron powder-
diffraction data published in Ref. 6. The results obtained
for the 12 K pattern by using the Pbnm space group are
shown in Table I. As they are not expected to change
essentially below this temperature, they were kept fixed
for the refinement of the remaining low-temperature pat-
terns. To reduce the number of free parameters, the
background was described by interpolating between
several selected points. A Gaussian function and the usu-
al Caglioti formula were used to describe the profile and
the full width at half maximum of the Bragg reflections,
respectively. The values of the resolution parameters
were refined for the 1.4 K pattern (paramagnetic) and
kept fixed for the subsequent low-temperature
refinements. The only free parameters were then the
scale factor, the zero point of the diffractometer, the Nd
magnetic moment, and the nuclear polarization (see next
sections). For the difference patterns, the scale factor was
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TABLE 1. Refined structural parameters of NdGaO; at 12
K.

NdGaO,, space group Pbnm

a(A) 5.4223(2)
b(A) 5.4994(2)
c(A) 7.6989(3)
Nd x 0.0108(4)
y 0.0439(3)
z 0.25
B(A") —0.11(3)
Ga x 0.5
y 0
z vs 0
B(A") 0.00(3)
o) x 0.9174(5)
y 0.4803(4)
z 0.25
B(A% 0.13(5)
o) x 0.2910(3)
» 0.2928(3)
z 0.4558(0)
B(A% 0.12(4)
R, 7.89
Ry 3.44
R Brogs 4.69
X 5.25

fixed in accordance with the monitor counts of the sub-
tracted data.

III. RESULTS

Figure 1(a) shows the low-angle part of the neutron
powder-diffraction pattern recorded at 1.4 K. At this
temperature the sample is paramagnetic (T, =0.97, see
Ref. 10) and all the reflections are then purely nuclear.
In Fig. 1(b) the same pattern at 300 mK is displayed. A
comparison with the previous one indicates the existence
of several additional reflections, all of them indexable
with the crystallographic unit cell (wave vector k=0).
The same situation is found in Fig. 1(c), which shows the
pattern recorded at 10 mK. The only difference is an ad-
ditional enhancement of the new reflections.

Figures 2(a) and 2(b) display the thermal evolution of
the integrated intensities of the (010)+(100) and
(012)+(102) reflections, respectively. Although their na-
ture cannot be unambiguously established without carry-
ing out a polarization analysis, their characteristic tem-
perature dependence, as well as the coincidence of the on-
set temperature (=~ 1 K) with the anomaly observed in the
specific-heat measurements ( =0.97 K) suggest that all of
them are related with the cooperative ordering of the
Nd** magnetic moments. Other experimental facts sup-
porting this assignment are (a) the decrease of the
paramagnetic background below 1 K and (b) the absence
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FIG. 1. Low angle part of the neutron powder-diffraction
patterns of NdGaOj; at 1.4 K, 300 mK, and 10 mK. The inten-
sities have been normalized to that of the 1.4 K pattern. The
counting rate was in all the cases 6250 counts/h and the
measuring times 39, 8, and 45 h, respectively.

of changes in both the positions and the intensities of the
purely nuclear reflections.

The enhancement of the integrated intensities observed
below 300 mK is due to the polarization of the nuclear
spins of the *3Nd and !#°Nd isotopes in the hyperfine
field created by the electronic Nd** magnetic moments.
The reasons which lead to this conclusion will be ad-
dressed later in the discussion.

IV. THEORY

Significant polarization of the nuclear spins I in the
hyperfine field produced by the electronic magnetic mo-
ments g can be reached in the milliKelvin temperature
range by nuclides with large enough hyperfine coupling
constants A. This is the case, for example, of ¥Co in
CoF, (Ref. 13) or ®®*Ho in HoBa,Cu;0, (Ref. 14) and
HoF,;,!* where polarizations of 18% (Ref. 13) and 100%
(Ref. 14) have been observed at ~10 mK. **Nd and
145N d, which are the only Nd isotopes with nonzero nu-
clear spin, are also good candidates to observe this
effect.>* Although in natural Nd their respective abun-
dances are only 12.18 and 8.30 %, they possess a high nu-
clear spin (I =7/2 in both cases) and quite large
hyperfine constants'® (—0.91 and —0.57 ueV for *3Nd
and '*Nd, respectively). Another interesting characteris-
tic of these two isotopes is that they make relatively easy
the observation of the polarization effects by means of
neutron diffraction. Following Glattli and Goldman,?
the cross section for a coherent scattering process in mag-
netic samples containing polarized nuclei is for the case
of unpolarized neutrons
2
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FIG. 2. Thermal evolution of the integrated intensities of
some magnetic reflections: (a) (010)+(100); (b) (012)+(102). In
(a) the error bars are smaller than the size of the points.
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Here, b,, b;, and a are the coherent, incoherent, and
magnetic scattering lengths, respectively, P a unit vector
in the polarization direction, r, the classical radius of the
electron, and y the gyromagnetic ratio for the neutron.
M, is given by M,=pu f(Q) where u, is the magnetic
moment component perpendicular to the scattering plane
and f(Q) is the magnetic form factor. The value of « is
2.696 fm/puy (the same for all the elements) and those of
b, and 1/2by for natural Nd are 7.69 and 0.92 fm, re-
spectively. Thus, the cross sections of the three scatter-
ing processes are of the same order of magnitude. This
favorable situation is due to the unusually high values of
b; for '*Nd and '**Nd, namely, 21.1(6) and 13(7) fm, re-
spectively. Note also the different Q dependences of the
three cross sections: While b, and 1/2byIP are Q in-
dependent, aM, decreases with Q [via f(Q)] and is zero
for scattering vectors parallel to the magnetization. This
property will be used in Sec. VI to probe the nuclear ori-
gin of the enhancement of the reflections below 300 mK.
From the thermodynamic point of view, the single-ion
Hamiltonian which describes the ground state of the
Nd3? ions in NdGaO, is

(2)

H =Hcgp+H e+ Hpyper - (3)

Here, Hgp is the crystalline-electric-field (CEF) Hamil-
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tonian, H, is an effective mean-field term describing the
magnetic interaction, and Hyy,, accounts for the
hyperfine coupling between the electronic and nuclear
spins. The CEF Hamiltonian is most conveniently writ-
ten in terms of tensor operators qu:”

3 k
Hegp= 3 3 BkCk. )
k=1g=—k

The CEF parameters B,;‘ are in general complex quanti-
ties, and the restriction to real potentials in (4) leads to
the condition B’iq=(—1)q(B,;‘)*. Because the overall
CEF splitting (=70 meV) is comparable to the intermul-
tiplet splitting energies ( ~250 meV for Nd**), the usual
treatment of the CEF potential as a perturbation of the
ground-state multiplet I, ,» alone is inappropriate. Thus,
the CEF calculations have to be performed in the
intermediate-coupling approximation, in which the CEF
interaction is simultaneously diagonalized with the elec-
trostatic and spin-orbit interactions defined by the Hamil-
tonian!’

3
Hy+Hgo= 3 Efe +& Ay . (5)
k=1

The matrix elements ¢, and Agy have been tabulated by
Nielson and Koster.!® The free-ion electrostatic and
spin-orbit integrals E* and & can be taken, for example,
from Ref. 17.

The explicit form of the mean-field Hamiltonian H  is

H =Am,)m, , (6)
where M= —(L+28) is the magnetic moment operator
and ( - - - ) stands for the thermal average. The molecu-

lar field constant A is given by the inverse paramagnetic
susceptibility of the Néel temperature, thus A is essential-
ly determined by the CEF parameters. Finally, the Ham-
iltonian for the hyperfine interaction in (3) takes the form

thperzg_fj{<lz>mz+lz<mz)} ’ (7)

where I, denotes the nuclear-spin operator and g; is the
Landé factor.

V. MAGNETIC STRUCTURE BETWEEN
Ty~1K AND 300 mK

A. Group theory analysis

The possible magnetic structures compatible with the
Pbnm symmetry have been studied by Bertaut.!’ For
k=0, the eight irreducible representations of the wave-
vector group Gy (which in this case is also Pbnm) are one
dimensional. A summary of the transformation proper-
ties for the (4c) Wyckoff position is displayed in Table II.
In it we followed Bertaut’s notation for the basis func-
tions, that is

f=s,+s,+s;+s,,
a=s;—s,—s3ts,,
g:sl'——S2+S3_S4 ’

C=S]+52_S3—"S4 ’

W. MARTI et al. 52

TABLE II. Magnetic modes and Shubnikov groups for the
Nd sites (4c Wyckoff position) in the space group Pbnm. The ir-
reducible representation j is labeled by the symbol I';. The sub-
script g /u (gerade/ungerade) indicates the character +1/—1 of
the inversion center 1 and the + and — symbols those of the
space group generators 2,,2,, respectively. Here, the notation
24,21, and 1 stands for the two binary screw axes at (x,1/4,0)
and (1/4,p,1/4) and the inversion center at (1/2,0,0). If a mag-
netic structure can be described, for instance, by the (g.a,—)
mode, the four Nd atoms in the unit cell will show the following
magnetic  moments: Nd,(ux,uy,0);  Nd(—py, —u,,0);
Nd}““'x! —”'y ?0)’ Nd4( 2 ),u'y’o)'

Nd(4c) in Pbnm Shubnikov
{212,214y} x y z group
[g(++) c, Pbnm
[ype(+—) fx c, Pbn'm’
[i(—+) Ccx fy Pb'nm'’
Lhe(— —) 1 Pb'n'm
L (++) g a, Pb'n'm’
L (+—) a, Pb'nm
rs;,(—+) g, Pbn'm
Ly (——) a, 8 Pbnm'

where s,, §,, 83, and s, describe the magnetic moments of
the four Nd atoms in the unit cell: Nd,(x,y,1/4),
Nd,(—x,—y,3/4), Ndis(x+1/2,—y+1/2,3/4), and
Nd(—x+1/2,y+1/2,1/4) with x=0.0108 and
y=0.0439. As the x and y coordinates are not rational
numbers, the extinction conditions concern only the (007)
reflections (see Table III).

B. Determination of the magnetic structure

For each symmetry-allowed magnetic mode, we
checked systematically the agreement between the ob-
served and calculated patterns. The best results were ob-
tained for the (— —c,) mode belonging to the I'j,(+ +)
representation. They are summarized in Table IV and il-
lustrated in Fig. 3. The resulting magnetic structure is
shown in Fig. 4. Notice that the existence of nonzero x
and/or y components is symmetry forbidden. In this
magnetic arrangement, each Nd3* magnetic moment is
coupled antiferromagnetically to the four nearest neigh-
bors in the plane (a,b) and ferromagnetically with the
two nearest neighbors situated above and below this
plane. Notice that the present model differs from the one
proposed for explaining the specific-heat data (g mode),
where all the nearest-neighbor interactions were sup-
posed to be antiferromagnetic. !%2°

The possibility of a magnetic moment arrangement re-
sulting from the mixing of two irreducible representa-
tions was also carefully tested. In general, the goodness

TABLE III. Conditions ruling the existence of the (00/) mag-
netic reflections for the f, q, g, and ¢ modes.

f 1=2n

a [=2n+1
g Forbidden
c Forbidden




TABLE IV. Results of the Rietveld refinements for NdGaO;,
at 300 mK and 10 mK.

T (mK) pNup) Pol. (%) Rp Ry Rep  Rpug
300 1.1Q2) 29(16) 184 131 270 7.82
10 1.1(1) 7009) 129 133 245 17.50

of the fit was worse than in the former case. The only
spin configuration which gave similar reliability factors
was (Oc,c,)=(0c, —)+(— —c,), which is a basis func-
tion of a reducible representation of the direct sum
[ig(— —¢,)®T5(0c, —)=T ;@I (0cyc,). The value
of the ¢, component, however, was so small that within
the experimental uncertainty imposed by the resolution,
we can consider the magnetic structure as described by a
pure mode (— —c,).

C. Saturation value and temperature dependence
of the Nd>* magnetic moment

The refined value of the electronic magnetic moment of
Nd**t at 300 mK is 1.1Q2)uy, far below the single-ion
value (3.27up). This reduction is due. to crystal-field
effects. To see that, we have calculated the saturation
magnetic moment from a set of CEF parameters derived
from inelastic neutron-scattering measurements. In a
previous work, 2! such a set of parameters was derived for
NdGaO, using the geometrical constraints of the noncen-
trosymmetric space group Pbn2;. However, the correct
symmetry is Pbnm, which considerably reduces the num-
ber of CEF parameters in Eq. (4). We then have
reanalyzed the previous neutron data by using the least-
squares fitting procedure described in detail in Ref. 21.
In a first step, all the fourth- and sixth-order parameters
were correlated to B§ and B, respectively, by taking into
account the geometry of the eighth nearest oxygen neigh-
bors [see Eq. (3) in Ref. 21]. In a second step, B} and the
real part of Bﬁ were allowed to vary independently, since
their influence on the CEF splitting is rather strong. For
the fitting procedure we used seven quantities observed in
the neutron spectroscopic measurements (four CEF ener-
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FIG. 3. Observed and calculated neutron-diffraction patterns
of NdGaO; at 300 mK. The points are the raw data. The con-
tinuous line is the calculated profile. The upper row of vertical
marks indicates the positions of the nuclear (crystallographic)
reflections and the lower row those of the magnetic reflections
allowed by the mode (— —c,). The measuring time for this pat-
tern was 8 h.
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FIG. 4. Magnetic structure of NdGaO;.

gies and three intens)rity ratios) and, in addition, the satu-
ration moment yg‘fa =[0,0,1.1(2)u 3 ] determined in the
present work. Sets of CEF parameters which produced
an easy axis of magnetization different from the z axis
were discarded in the fitting procedure. Following this
procedure, we arrived at a unique set of parameters (see
Table V) which reproduce the observed CEF energies and
intensities reasonably well (see Table VI). The molecular
field constant for T, =0.97 K is A=0.050 meV, which
yields a saturation moment of p=1.3up. The values of
the diagonal components of the g tensor calculated from
the CEF parameters are g,=2.227, gy=2.483, and
g, =2.549.

The temperature dependence of the Nd>" magnetic

TABLE V. CEF parameters derived for NdGaO; using the
Pbnm symmetry. The parameters B,;‘ given without errors were
correlated to BE.

B (meV)
k q Real part Imaginary part
2 0 49.7+3.0
2 2 33.2+2.0 51.0+2.0
4 0 —95.1+1.0
4 2 —16.5 99.8
4 4 —25.6+1.0 —47.9+2.0
6 0 —75.4%£3.0
6 2 18.6 39.1
6 4 —157.6+2.0 —0.29
6 6 24.2 —4.5
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TABLE VI. Observed and calculated CEF energy levels and
normalized transition probabilities for NdGaO;.

I Egpy (meV) Eqe (meV) [(TWJ, [T0) 3, [(T0]7, 1) |2

calc

FH) 0

r'® 11.440.2 114 1.0 1.0
r® 22.5+0.4 22.5 0.2+0.1 0.3
r' s52.7+1.0 52.2 0.9+0.2 0.5
'S 68.0+1.0 68.2 0.6+0.2 0.4

moment {m, ) is displayed in Fig. 5. The points are the
results of the Rietveld refinements. The solid line is the
result of a calculation based on the Hamiltonian (3),
which is diagonalized in the space spanned by the basis
vectors |m,,I,) [see Egs. (6) and (7)] by an iteration pro-
cedure until convergence for both {m,) and (I, ) is ob-
tained. As the hyperfine constants for *Nd and **Nd
are slightly different (see Sec. IV), we repeated the itera-
tion procedure for both isotopes, the final value of (I, )
being its weighted average (see Sec. VI). Within the ex-
perimental accuracy imposed by the smallness of the
magnetic moment, the agreement is rather satisfactory.

D. Origin of the magnetic coupling

It was mentioned in the introduction that the most
likely mechanisms for the Nd-Nd magnetic coupling are
superexchange and the classical dipolar interaction. To
decide between both possibilities, we have evaluated the
dipolar energy per ion associated to all the symmetry-
allowed magnetic configurations listed in Table II (see the
Appendix for the details of the calculation). The results
are displayed in Table VII. From them, it is clear that
the (00c,) mode is the most stable configuration in the
presence of dipolar interactions alone. However, the di-
polar energy per ion associated to this magnetic mode
(E;=—2.917 pueV/ion=33.85 mK/ion), is far below the
Néel temperature (970 mK). In consequence, a Nd-Nd
interaction based on the dipole-dipole coupling does not

-

0.8 |

0.6 |

Nd magnetic moment (1)

0.4

o Lo v 1 v 1 1 1
0 200 400 600 800

T(mK)

1000 1200

FIG. 5. Temperature dependence of the Nd** electronic
magnetic moment. The points are the results of the Rietveld
refinements and the solid line is the mean-field calculation (see
text).
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seem very likely. The superexchange interaction is then
the leading mechanism, in agreement with the con-
clusions derived from the specific-heat measurements.

VI. NUCLEAR POLARIZATION BELOW 300 mK

The origin of the sudden increase of the magnetic
reflections below 300 mK is due to the polarization of the
143N d and %*Nd nuclear spins in the hyperfine field creat-
ed by the Nd electronic moments. To arrive at this con-
clusion, we used the different Q dependences of the mag-
netic and the nuclear cross sections. We used also our
knowledge of the sign of the hyperfine constant (negative
for both **Nd and %*Nd), which constrains the nuclear
spins to orient themselves parallel to the electronic mag-
netic moments. If a net nuclear polarization exists, the
electronic and the nuclear magnetic moments will show
the same type of ordering (¢, mode, see Fig. 4).

Let us first discuss the existence of purely “nuclear
reflections. Since the electronic magnetic scattering is
proportional to the component of the magnetic moment
normal to the scattering vector, it is straightforward to
see that the (00/) reflections will show zero intensity.
Such limitation does not occur in the case of the scatter-
ing arising from the existence of a net polarization of the

9522

TABLE VII. Dipolar energy per ion associated to each one
of the symmetry-allowed magnetic configurations of Table II.
Note that for 'y, I'sg, I'y,, and 'y, the magnetic moments can
be oriented along one (or two) arbitrary directions in the (a,b)
plane. The magnetic structure is then, in general, noncollinear,
the only collinear arrangements occurring when one of the two
components (x or y) is zero. In the table, we have calculated
the dipolar energy for each of the two collinear arrangements
and for the noncollinear magnetic structure which results when
the magnetic moments of the Nd, ion form an angle of 45° with
both the a and b crystallographic axes.

LR. Mode E gipotar/ion (p€V)
Ty, (——c¢,) —2.917
| (fx0—) —2.363
(0c, —) +1.497
(frcy—) —0.412
Ty (¢, 0—) +1.419
(0f,—) —2.428
(exfy—) —0.538
s, (——f,) —2.321
T (g.0—) —0.060
(0a, —) —2.729
(gxa,—) —1.406
I, (— —a,) +5.410
I';, (——g;) —0.113
| (a,0—) —2.681
(0g, —) +0.173
(axgy,—) —1.227
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forbidden by a ¢ mode (see Table III). In consequence,
even in the presence of hyperfine-enhanced nuclear polar-
ization, no extra reflections will appear below 300 mK,
and the only effect in the neutron powder-diffraction pat-
terns will be the enhancement of the pre-existent magnet-
ic reflections. This is exactly what we observe in our
measurements.

An additional confirmation of the hyperfine-enhanced
nuclear origin of the intensity increase observed at low
temperature is given by the different dependence of the
magnetic form factor f(Q) and the ‘“nuclear” Fermi
length by with Q (or with the scattering angle 26 via
Q =4msinf/A). To evaluate this effect, we added to our
Rietveld program a special subroutine containing the
three contributions displayed in Eq. (1) which allowed the
simultaneous refinement of the electronic magnetic mo-
ment and the percentage of nuclear polarization.

In Fig. 6(a) we show the variation of the magnetic R
factor for the 10 mK neutron-diffraction pattern as a
function of the percentage of P. The curve has been ob-
tained by fixing the nuclear polarization to a given value
(between O and 100) and fitting the electronic moment.
The minimum is located near 70%, all the other values
yielding larger reliability factors. Similar curves have
been obtained for the remaining temperatures and from
the refinement of both the difference and the full
diffraction patterns [see Figs. 6(b) and 6(c)]. The
minimum R,,, moves towards smaller polarizations by
increasing the temperature, in accord with the expected
behavior.

The existence of this minimum is a direct consequence
of the sensibility of the neutron powder-diffraction pat-
terns to the different Q dependences of the magnetic and
“nuclear” cross sections. This effect is more clearly
shown in Fig. 7, where the observed difference pattern (10
mK-1.4 K) refined by using different restrictions is
displayed. In Fig. 7(a), which shows the better reliability
factors, we refined simultaneously ,u,Nd and P. The ob-
tained values were, respectively, 1.1(1)up and 70%, in
close agreement with those corresponding to the
minimum of Fig. 6(a). In Fig. 7(b) we show the same pat-
tern refined by supposing that the reflections are purely
magnetic (0% nuclear polarization). Note that, in spite
of the larger value obtained for the Nd magnetic moment
(=~2up), the agreement is not very good, especially at
large scattering angles. In Fig. 7(c) we have assumed the
nuclear spins to be 100% polarized and the agreement is
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FIG. 7. Observed and calculated difference (10 mK-1.4 K)
neutron-diffraction patterns of NdGaO; normalized to a count-
ing time of 83 h. The points are the raw data. The continuous
line is the profile calculated with nuclear polarizations of 70%
(a), 0% (b), and 100% (c). The vertical marks indicate the posi-
tions of the reflections allowed by the mode (— —c,). Note
that for this magnetic arrangement, there are no purely
hyperfine-enhanced nuclear reflections.
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also worse than in Fig. 7(a).

The experimental and calculated values of the nuclear
polarization are shown in Fig. 8. The contributions of
the two Nd isotopes are shown separately, together with
their weighted average. Taking into account the absence
of free parameters in the model (see Sec. IV), in agree-
ment is reasonably good. The discrepancies are probably
due to the smallness of the neutron powder-diffraction
signal, the relatively large errors of the incoherent Fermi
lengths of **Nd and **Nd and the utilization of the
hyperfine constants measured on diluted Nd3* ions in
salts. !

As a closing remark, we would like to stress that simi-
lar nuclear polarization effects are expected to exist in all
the compounds with ordered Nd>* electronic moments.
This statement has been nicely verified on materials with
very different structural and electronic properties, as for
example NdPd; (cubic, metallic), 3 NdNiOj; (orthorhom-
bic, metal-insulator transition at 200 K),* and Nd,CuO,
(tetragonal, insulator).* An important exception, not yet
understood, is the high-T, superconductor NdBa,Cu;0,
(Refs. 23 and 24) where no traces of nuclear polarization
have been found down to 10 mK.

VII. CONCLUDING REMARKS

In this study, we have presented an overall picture of
the magnetic behavior of NdGaO; between 10 mK and
1.4 K. By means of neutron powder diffraction we have
observed the antiferromagnetic ordering of the Nd**
sublattice below Ty =1 K. The magnetic moments are
oriented along the c axis in a ¢, mode, in contrast to pre-
vious predictions.?® The main contribution to the mag-
netic Nd-Nd interaction seems to be superexchange, the
classical dipole-dipole interaction being too small to ac-
count for the observed Néel temperature. The saturation
value of the Nd*' magnetic moments is =~ 1.1uy in good
agreement with the CEF calculations.

Concerning the XY behavior proposed for this sys-
tem, '° the values of the components of the g tensor along
the three crystallographic axes obtained in Sec. V C sug-

100 ¢ T T T T T
® Observed
- Calculated (total)
80 S From Nd'*? 7
= = "From Nd'*®

Nuclear Polarization (%)

1
0 200 400 600. 800 1000 1200

T(mK)

FIG. 8. Temperature dependence of the polarization of the
3Nd and **Nd nuclear spins. The points are the results of the
Rietveld refinements and the solid line is the calculation de-
scribed in the text.
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gest a much more isotropic behavior (g, ~g,~g,). Thus,
in spite of the good description of the macroscopic data
provided by the XY model (g, <<g,, ), 10 it does not seem
to be very appropriate for the understanding of the mag-
netic properties of NdGaO; on a microscopic level.
Below 300 mK, a strong enhancement of the magnetic
reflections has been observed. The different Q depen-
dence of the “nuclear” and magnetic cross sections al-
lowed us to interpret this increase as being due to the
hyperfine-enhanced polarization of the **Nd and **Nd
nuclear moments. Its temperature dependence agrees
with the calculation performed by using the hyperfine
constants of these isotopes reported in the literature.
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APPENDIX: DIPOLAR ENERGY CALCULATIONS

For the evaluation of the dipolar energy we followed
the method described by Bertaut.?>?® In this procedure,
the well-known formula for the interaction energy per ion

3( ['/f,")( '/l\',)_( it i)
Ed:L s BiTi M L BiBj A1)
2N i) rij
is substituted by the equivalent expression
~ 27 2_p2 2 p(h)
= 3lh—D(h)|“—h*°|D(h
Ea= 3.7 %M (h)| hl()l)h2
u 2
j

Here, p; and p; are the magnetic moments of the ions sit-
. o, . A

uated in the positions r; and r;, r;;=r; —r1;,T; =1, /7;, h

is a reciprocal space vector, N is the number of magnetic
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function of the maximum radius 1/d =|h| used in expression
(A2).
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ions in the crystal, and V, and n are the volume and the
number of magnetic ions of the magnetic unit cell, re-
spectively. D (h) is the dipolar factor, defined as

n
|D (h)|= 3 pjexp(2mihr;) (A3)

Jj
and @(h) is the Fourier transform of a function f(r)
chosen such as to be nonzero in a sphere of radius R,
(2R, is the smallest distance between two magnetic
atoms), and zero for r > R,,. In our case, we have chosen
f(r)=15(1+2x%—3x2%)/(47R?) with x =r/R,,.

Expressions (A1) and (A2) differ in the sense that the

summation is made in the real and the reciprocal spaces,
respectively. From the point of view of the calculation,
the latter procedure is more advantageous. The reason is
that, while the standard expression (A1) is the summation
of an oscillating, slowly convergent series, Eq. (A2) is the
difference of two positive quantities with good conver-
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gence properties.

Figure 9 shows the variation of the dipolar energy per
ion as a function of the radius of the reciprocal sphere
which contains the points used in the summation. The
magnetic moment arrangement used in the calculation is
that of Fig. 4 (c, mode) with uN9=1.1u, and the
structural parameters of Table I. Notice that the conver-
gence is reached for 1/d~0.6 A~! (220 reciprocal
points). Similar curves have been obtained for the
remaining symmetry-allowed configurations, the conver-
gence being reached in all the cases for 1/d <1 A~ L

The values of E,; for the modes of Table II are
displayed in Table VII. The lowest dipolar energy corre-
sponds to the magnetic structure experimentally observed
(—2.917 ueV/ion). The less stable configuration is the a,
mode, with E;=+4.471 peV. The g modes proposed in
Refs. 10 and 20 are also found to be less favorable than
the ¢, arrangement.
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