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Nuclear polarization of Nd in the pseudocubic perovskite NdAIQ studied by neutron
diffraction below 1 K
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Neutron-diffraction patterns collected on a powder sample of NdA01.035 K and 500 mK and on a
twinned crystal at 50 mK T<1 K show an antiferromagnetic structure with the’Nldnoments perpendicular
to the trigonal axis of the crystal structutehombohedrally distorted perovskitét,?c,ZzG). We obtain a
magnetic momenm=(1+0.1)ug. Below 200 mK a gradual increase of the magnetic lines is observed,
attributed to the progressive polarization of the nuclear-sfitid and **Nd isotopes by the electronic
magnetic hyperfine fiel®,;. We obtainB;=66=10 T. Comparison with other compounds shows that the
hyperfine field is proportional to the magnetic moment, consistently with the previously reported ratio,
By /m=108 T/ug for the orthorhombic perovskites.
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I. INTRODUCTION stants, being different for each particular compound. As a
consequence, the electronic magnetic monmenaries over
The polarization of nuclear spins by a magnetic field ap-a wide range of values from aboujj to that of the free
pears at extremely low temperatures. Therefore, it is veryon, 3.27ug. Thus these compounds enable us to study how
difficult to study this phenomenon by neutron diffraction be-HENP depends om. There are several types of magnetic
cause of the unusually sophisticated device required tstructures in this family. Using the Bertaut notafidar the
achieve the thermal shielding, and also due to the weald sublattice, these are classified as for NdCrG;,
nuclear magnetic moment as compared to the usual eledddCoGQ;, and NdGag@, or g,a, for NdScQ, and NdInQ, or
tronic values. The'*Nd and ***Nd isotopes are two rare c,f, for NdFeQ,. Most of these compounds have been stud-
cases, since their scattering lengths for thermal neutronigd on powder samples with the inherent problem of overlap-
strongly depend on the nuclear spin state, giving a large inping peaks and low intensity to background ratio.
coherent scattering cross section when the nuclear spin statesA linear dependence of the hyperfine field with the elec-
are evenly populated. The coherent and incoherent scatteringonic moment, By;=Km, with K=108+2T/ug was
lengths for thermal neutrons are, respectiveli, proposed, but based on data obtained for NdGrONdFeQ,
=14.2(5) fm, b;,.=21.1(6) fm for *Nd, and b, and some intermetallic compounds only. In this paper we
=14.2(5) fm,bj,.=13(7) for 1*3Nd.* This incoherent scat- review the existing data for pseudocubic perovskites of
tering would disappear at very low temperatures if theorthorhombic structure, in a comprehensive way.
nuclear spins are polarized by a strong magnetic field either The NdAIG; is another interesting member of the family
external or created by the electronic moment, i.e., hyperfinef distorted perovskites since it has a different crystal
field. In the latter case, the spatial periodicity of the magnetistructure®*® in which the Nd is the sole magnetic ion. The
cally ordered nuclei in a solid is the same as that of theavailable crystals, sized of 1 mm, are adequate to study by
electronic magnetic moment causing its polarization. Thereneytron diffraction. The crystal structure of NdAJ@erives
fore the incoherent scattering becomes coherent, thus iBrom the cubic perovskite turning the Al@ctahedra by 10°

creasing the intensity of the standard magnetic Bragg reflecs;qund one of the ternary axes of the cubic unit cell. As a

tions. This has been called “hyperfine-enhanced nuclear . — .
polarization's(HENP), of the Nd nucleug. consequence, the symmetry is rhombohedRat, with Z

The effect has been observed in several Nd compounds © N the hexagonal unit cell choid&ig. 1). The crystals

with different magnetic structures such as NgPd grow with faces perpendicula_r to the ps_eudoc_ubic perovskite
Nd,CuO,,* NdGaQ,2 NdScQ,® and NdFeQ.® In the first cell axes. There are four kinds of microtwins, each one
two cases it is superimposed to rather complex magnetighoosi_ng one of the threefold axes of the cubic cell as trigo-
structures, making the problem difficult to study. The threen@l axis for the true rhombohedral symmetry. Because of
latter compounds belong to the family of distorted perovsthis, frequent reference to the pseudocubic frame will be
kites, with simpler crystal and magnetic structures. Themade throughout this paper. Figure 1 shows the relative po-
NdMO; (M being a trivalent ioh compounds are exciting Sition of the base vectors for the pseudocubic, rhombohedral,
since the ground state of the Nd atom is determined by thand rhombohedral referred to hexago(wlverse axes. Let

electric crystal field, which in turn depends on the symmetryus denote the indeices of a Bragg reflection, a crystal plane,
and distances to the nearest ions, and on the exchange car-direction with a subscripE, R, or H when referred to the
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FIG. 1. Scheme of the crystal structure of NdA/Gshowing FIG._2. Experimenta(circles_}, caleulated(line), and difference
some pseudocubic perovskite unit cells and the most representati\%)""er line) poyvder neutron-dﬁraeyon patterns at 500 mK. The
atoms around a Nd site. The unit cell axes for different choices ar&PPe" OW of t'Ck_s shows the position of the nuclear Bragg peaks
also depicted: 4 ,b.,c.) for cubic, (@g,bg,cgr) for the primitive allowed for theR3c space group. The zero of tlyescale does not
rhombohedral, anda, ,by ,cy) for the hexagonal description of the hold for the difference pattern. The lower row indicates the position
rhombohedral lattice. The displacement of the O atoms with respe@f the magnetic lines for all possible ordering modes with the same

to their position in an ideal cubic perovskite structure are repreSpatial periodicity as the nuclear structure. Some of them are la-
sented by small strokes. beled with respect to the hexagonal description of the rhombohedral

unit cell. The(111) and (002 reflections coming from the alumi-
pseudocubic, rhombohedral, or hexagonal axes, for instand®im of several layers of thermal shielding, which lie in the ranges
(hkl)c. 52.3°<260<63.6° and 68.6%260<76°, and the(111) and (002

: . flections of the copper sample holdat 69.6° and 82.5°, respec-
Previous low-temperatur€.T) heat-capacit data ¢
P an pacity €p) tively) have been excluded. There are some peaks at abéut 2

showed a phase transition &=0.93=0.01 K, which was ~ _ 7 . .
then attributed to a possible antiferromagnetic ordering of_ 50° produced by tha/2 harmonic, corresponding to 622

T . reflection of Al and also an unidentified peak at 25°, already present
the N magnetic momentS. The entropy and the shape of at 1 K. The continuous line is a calculated pattern for the antiferro-

the observed anomaly suggested a two-dimensional Ising‘agnetic ordering witn= 0.9
system withS=1/2. In this work we focus on the determi-
nation of the magnetic structure and the HENP of Nd in this
compound, by neutron diffraction in the temperature rang
50 mK <T<2 K, on powder and crystal samples. Theoret-
ical expressions for HENP in a twinned crystal will also be
obtained(in the Appendix and applied to NdAIQ. The hy-
perfine fieldB, found and the magnetic Nd momemtare
compared to available data for other Nd compounds, and
general rule connecting both magnitudes is deduced.

iffraction pattern was collected using a multidetector of
F3, with 200 channels of 0.1° width each. The data were
taken in steps covering the angular range 14.89
<82.4°, at temperaturés= 1 K and 500 mK, that is, above
the transition, and well below it, respectively. Figure 2 shows
e pattern measured at 500 mK together with the position of
the nuclear and magnetic Bragg peaks. In addition to the
Bragg reflections coming from the sample there are also
present some peaks of much stronger intensity coming from
Il. POWDER NEUTRON DIFFRACTION the sample holdefcoppel and from the several aluminum
The diffraction data were collected at the Eg layers which act as thermal shielding. Therefore the range

diffractometet? of the BENSC in the Hahn-Meitner Institute 22-3°<26<63.5° was not measured and data in the range
(Berlin). Temperatures down to 50 mK were achieved using?8-6°<26<76° were excluded from the plot and not taken

a 3He/*He dilution refrigerator coupled to an standard ILL into account in the subsequent.analyys. There are also some
He gas flow device. The thermal neutron beam was mond?€aks in the range@<52° coming from the sample holder
chromated by a set of focusing PG crystals using(@@®  and shielding which are produced by % harmonic of the
Bragg reflection of graphite, giving=2.38 A. The contri- incoming radlatlor?. F!nally there is an unexplained peak
bution of the first harmonic with\/2 was reduced using a @Pout 2=25° which is present abevl K and probably

graphite filter to about a thousandth of the intensity in thecomes from some unidentified part of the cryostat.
monochromated beam. The magnetic contribution to diffraction is revealed by the

The experiment was carried out on 0.5 g of NdAIO difference bet_ween the patterns taken at 5_00 mK and at 1 K.
mounted on a copper vessel attached to the mixing chambdp the accessible range of measurement this dlﬁerence shows
of the dilution cryostat. In order to improve the thermal con-Only @ resolvable peak atf2=32°, which can be indexed as
tact between sample and mixing chamber, a small amount df,3,3)c. It indicates purely antiferromagnetic order in
%He exchange gas was introduced in the sample holdewhich each Nd moment is antiparallel to its nearest neigh-
which proved to be effective down to about 200 mK. Thebors. The magnetic momentcan be deduced from the rela-
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tive intensity of the magnetic peak with respect to the purdion cannot be corrected properly, the optical alignment of
nuclear ones in the original pattern, which can be easily comthe crystal is not possible, etc. Moreover, in this case the
puted for the known crystal structure. The pattern calculatedrystal is twinned and usually each diffraction peak is com-
for m=0.9ug is compared in Fig. 2 to the experimental data.posed of several reflections coming from the different part-
It fits properly the intensity of the reflection (1%l) ners, and it is not always possible to assure which one pro-
=(202),+(006)y . Adjusting the scale factor to fit the other duces each peak or how many of them contribute to the
observed nuclear reflection, (2QGj(024),, would give  whole intensity.

m=1.1ug. Thus a resulting value=(1.0+0.1)ug can be A check at RT of some nuclear reflections gave typical
given, the uncertainty due to the two different values ob-yifferences of about 25% between Friedel opposite reflec-
tained when using the first or t.he second reflection as sca_llngons, which gives an idea of the poor precision in the abso-
datum. The antiferromagnetic character of the ordering e intensity measurement. By contrast, measurements of
agrees W't,? the shape 9f the LT limit of tl?nepeak(propor- the same reflection after several reorientations of the device
tional to T%) observed in the heat-capacity datalhe ob- were reproduced within 1%. Therefore the absolute intensity

tained \(alue form agrees with the expe(_:ted result from of a reflection is only an estimation, but its thermal evolution
crystal-field calculations, based on the higher temperature . . ; S

- . can be considered as very reliable. Typical relaxation times
susceptibility and Raman spectrum, which gawel1.81, or

m=0.91ug, for the lowest doublet of the ground stafe. to thermal equilibrium were about 15 min at the lowest tem-
perature reache@9 mK).
The experiment was carried out as follows.
(@ With a view to distinguish the possible ordering

The experiments were carried out on the two axis diffraCmOdeS, or to discard the wrong possibilities, a collection of
tometer E4 of the BENSC with unpolarized thermal neutrons32 reflections geometrically accessible and indexable with
monochromated by a set of PG crystals selecting integer or half-odd numbers with respect to the pseudocubic
=2.46 A. The cryogenic system was the same used for powdnit cell was measured. The experiment was performed at
der diffraction. The sample was a parallelepiped with dimen-1.035 K (referred to in the following as “1 K” datg and at
sions 3x1x0.5 mn?, whose edges were parallel to the 0.8 K. The aim was to identify the change in intensity of
pseudocubic unit cell axes. The crystal was twinned formingsome reflections due to the magnetic ordering below 0.93 K.
layers perpendicular to the longest direction so that each (b) We performed systemati@ —26 and w scans of alll
layer has one of the four cube diagonals as trigonal axis ofagnetic reflections found i@) from 49 mK up to 0.88 K to
the true rhombohedral structure. The crystal was attached §ydy the HENP. The scans with 2 fixed were intended to
the mixing chamber of théHe/*He dilution cryostat by a reveal effects coming from the sample environment, and to
copper plate of about 0.5-mm thick, 0.5-cm wide, and 5-CMcoyrect for the effects of any polycrystalline material disturb-
Iong It was bent at the middle by 45° in order to keep theing the measurements.

[011]c direction upright. This enables us to measure the At 1 K all standard nuclear reflections allowed by the

(hkk)Q reflections. Due o twinning the intgnsity of such @ space groupR3c were observed. Most of these are allowed
refl_ect|on, recor_ded by a sgmgle detector, is in fact the contrizy 5 perfect cubic perovskite structure and indexable with
bution of four kinds of twins. The angular degrees of free-integer numbers with respect to the pseudocubic #sel-
dom were the angle 2between the incident and diffracted structure reflections Four observed reflections have half-

beams and the rotation angle ©»<200° of the whole . . 13 3
cryostat around the vertical axis. Small rotations of the fundd md;ces(lsup?rstructure reflchoh_mamely, & 2’2'.2)‘3
d (—3,=35,£3)c. They are consistent with the kind of

cryostat around two horizontal axes were allowed in order t@" g )
center reflections. Optical alignment of the crystal with re-distorted perovskite structure described above, and character-

spect to the rotation axes of the goniometer was performed &€d by having three half-odd '”?éces’ and at least two of

room temperaturéRT), prior to installing the thermal shield- them of different absolute valté:® In this experiment it

ing for the cryogenic device. means thath|#|k|, because&=1 for the accessible reflec-
This kind of experiment presents some evident advantions. Due to the twinning of the crystal, some observed

tages over diffraction on powder: the ratio of diffracted in- Superstructure reflections, which are forbidden by the space

tensity to background is much higher and also reflectiongroup R3c, but allowed for other differently oriented twin

coming from the sample holder and cryostat can be avoidegartners, are observed. The intensities correspond roughly to

performing aw scan(keeping the position of the detector the calculated values using the structure factors deduced

and turning the full device around a vertical axis addition ~ from the reported atomic positichwith the assumption of

to this, the sample holder guarantees a better thermal homoandom distribution of twins. Nevertheless, the reliability

geneity and contact with the mixing chamber than for pow-factor defined asR,=Z2(lyps— lcaic)/lops=0.3, while in

der, which can be an essential condition for the present exasual four-circles diffractometry the typical values are less

periment. There are also some drawbacks when working dhan 0.1. This gives also an estimate of the absolute accuracy

very low temperatures: only a very limited number of reflec-of the intensity measurement.

tions can be measured; the relative values of the intensity of Two new reflections appeared in the collection measured

several reflections are not very precise because of the absorgt 0.8 K, namely, the €3,3,3)c and (—3,—3,—3)c. In

tion by components of the sample environment; the extincaddition, the four superstructure reflections, already present

Ill. DIFFRACTION ON A TWINNED CRYSTAL
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1 is the Brillouin function that describes the nuclear magneti-
A it}ﬁf{?g?_ﬁ%’a zation or the average angular momentum of a nucleus in an
sl & —e—(a2,12,112) external fieldBy¢, in this case produced by the magnetic
8 bl hyperfine interaction with the electronic moment.
Dég%\ \‘\—‘—“/2’3’2’3’2) The argument of the Brillouin function is=0.5 for a
7 °7 E\:\Qifs typical value of the hyperfine fiel&,,;=100 T, as encoun-
S 1'..‘1 “\\‘ T, tered in other similar compounds, at 79 mK f§eNd and at
B 4 Tt O 49 mK for Nd. Therefore forT>80 mK, (I,) can be

(I+1)u_1(1+1)gusnBh

| owpoger. \:\D\\ approximated by the well-known Curie law:

)= 3
J Fp000—0 — < Z> 3 3kBT ( )
0
OO,O T o2 oa . os o8 1% This approximation enables to average over the known abun-
T dance of the isotope¥Nd and ***Nd in natural Nd, to give
an effective hyperfine scattering length
FIG. 3. Thermal evolution of the diffracted intensity of the mag-
netic lines for the twinned crystal of NdAID showing the HENP \/7
below 200 mK. Lines are guides to the eye. The vertical arrow Pesi=— 7[0-1218 bilrfggh43+0'0829 bilrﬁ;sgﬁ4
indicates the temperature of antiferromagnetic ofgr 0.93 K.
=(1.33+0.18fm. 4

at 1 K, increased their intensity indicating the presence of an i
antiferromagnetic order. In Ref. 6 a factor of 4 was included in.;; to compute the

The evolution of the intensity of the magnetic reflectionsStructure factor for four atoms per unit cell. In the present
with temperature is shown in Fig. 3. The increase of thef@Se this factor must be 1 when comparing the intensity with
intensities below 200 mK is evident, revealing the HENPSUbstructure nuclear reflections, indexed with respect to
effect. In agreement with neutron diffraction, tfis datd! ~ PSeudocubic axes, or 6 when referred to hexagonal axes.
did not reveal any Schottky contribution which could be re-Substituting in Eq(2), be for byg,inc and replacingl;) by
lated to the hyperfine polarization above 200 mK in Ndalo its high-temperature approximati¢iq. (3)]
contrarily to other compounds of the NdMGeries. It is B
remarkable that for NdFeQ with a similar value oim?® the B= beffM, (5)
magnetic reflection (100) increased already below 500 mK. mkgT
For NdCrQ, with m=(1.93+0.3)us e the hyperfine polglr- which givesB=0.47 fm/ug for typical valuesm=1 ug,
ization can be observed already held K in the C, data’ B, =100 T, and aff = 100 mK, wheread is slightly lower

than «, (i.e., B/A~0.17). Therefore in the temperature
IV. THE HENP IN NdAIO 3 range of interest the teri®? in the expansion ofA+ B)? in
For experiments performed with unpolarized neutronsEq' (A7), or in Eg. (A9), can be dropped out, and the dif-

each reflection is composed of two contributions which addracted intensity (qirr) becomes simply proportional ta

incoherently: a conventional purely nuclear part and a magTLZB’
netic plus hyperfine one. For the multidomain single crystal B
the intensity is given in the Appendix by the rather compli- lgirs=C(A+ 25):(;( anf(g)+ £ hf), (6)
cated expressiofA7), or by the(A9) expression for a mul- mkgT
tidomain twinned crystal, with whereC is independent of temperature, but different for each
A=a,f(q) 1) r(_aflection. This re_:sult ho_lds for powder as well as for a
m ' single, multidomain, or twinned crystal. At temperatures well
below Ty, whenm can be considered independenfTof 4+
- _ {12)bndine - _ Brydiinc! B (IgN“NBhf ) is proportional tox=1/T, and extrapolates tbyi;;=0 for
mi(l+1)  mia+1) '\ keT J° A=—2B, that is when
where ap,= yuoe? (8mmy) =2.695 fmjug is the magnetic anf(q)mks
scattering lengthy the magnetogyric ratio for the neutron, X=Xo=— 57— 5 (7)

2 Bnt’
me and e the electron mass and chargeo=4m PerinBhs

x10"7 Tm/A the vacuum permeabilityf(q) the N&* where all parameters are known, excBpt. Figure 4 shows
magnetic form factor for a given scattering vectprkg the  the intensity of the magnetic reflections versus the inverse
Boltzmann constantuy=5.0508< 10 27 J/T the nuclear temperature. The nuclear part, measured at 1 K, has been
magnetonm the electronic magnetic momeugji, the nuclear  subtracted from the experimental intensity. All six reflections
magnetogyric ratio, and the absolute temperature,,. and  show a linear dependence below 300 mK down to 65 mK.

| are the incoherent scattering length and nuclear spin, réFhe form factors for the reflections+(3,+3,*+3)c, (*3,
spectively, for a particular isotope of the Nd elemagyi.u) +2,+8)c, and (3,3, +2). are f(g)=0.903, 0.700,
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of the electronic magnetic density. The extrapolation to zero
givesxo=38K ! or B,,;/m=(66+5)T/ug. Using the value

o (-1/2,1/2,1/2 . . .
. 5-1/2,-1/2,-1/)2) of m obtained from the powder experiment givBg;= 66
6 [ ) 2-3//2,1/?,1/2/)) + 10 T
T O (-3/2,1/2,-1/2 - .
" 2;1//22%25%2;) The pure magnetic intensity can be obtained extrapolating

linearly lgiss to x=0 (T—=). The magnetic moment can
then be deduced comparing this magnetic intensity with
those of pure nuclear reflections, although there are some
experimental difficulties that will be discussed below. For the
measured magnetic reflections let us define the reduced mag-
netic intensity as the experimental intensity divided by the
Lorentz factor times the squared form factdi,qq

= 4i¢¢Sin 26/f()?] which should be proportional to the trigo-
nometric factor in Eq(A7) for a single crystal, divided in
magnetic domains. Assuming a planar magnetic structure,
sirfg,=1, co$6,=0, and this factor reduces to (1
—1sir?y), which in turn becomes constant when all twins

FIG. 4. Plot of the intensity of the observed magnetic lines . .
) are equally present in the sample. Under these conditions we
measured on the crystal of NdAJQs the inverse temperature. The . . - .
xpect the samk,q for all reflections. It is surprising to find

standard nuclear intensity has been measured at 1.035 K and suﬁ)‘| . . 3 3 :
tracted from the data to get the magnetic plus hyperfine contribulN€ Strong reduced 'nteni'ty 1Of tTeté'i'E)C reflections
tion. The straight lines are fits in the temperature range where the@nd the weakness of the-G, + 3, 3) ¢ ones. Nevertheless,
dependence is approximately linear, as described in the main textne vicinity of the (200 reflection of Cu (2=86°), from
The vertical line corresponds to=0, or T— . the much more massive sample holder, makes the result sus-
picious even when the data have been subtracted from those
and 0.552, respectivelyAccordingly, the extrapolations to at 1 K. We also performed am scan with fixed 2 value to
l4irs=0 in Fig. 4 should keep the ratio of the form factors. the maximum obtained in the —26 scan to avoid the spu-
This indeed holds approximately for the four most intensefious contributions coming from polycrystalline components
reflections, whereas—(3,+1,+1). are too weak for the Of the experimental device, but it gave similar results.
extrapolation to give a well-defined result. The magnetic The linear extrapolations td—c of the magnetic plus
form factor for neutron diffraction is the Fourier transform of hyperfine contribution of the reduced intensities are given in
the density of the unpaired electrons having rnagnetic rnoTab|e I. These results rule out the pOSSIbIlIty that all kind of
ment. Usually it is computed in the approximation of spheri-twins and all the domains in each one are equally present.
cal symmetry(i.e., in the International Tables for Crystallog- However, there are more unknowns than experimental data if
raphy). Nevertheless this approximation does not necessarilyve try to fit the occupancies of all twins and magnetic do-
apply to the present compounds. In addition to the experimains, therefore the direction of the magnetic moment can-
mental problems discussed before, probably the lack ofot be unambiguously determined. Two simple cases have
spherical symmetry has a noticeable influence on the anom&een tested. For a planar magnetic structure with all domains
lous intensities of the high-angle magnetic Bragg reflectiongqually present, the trigonometric factors are also given in
for a Crystai_ The safest procedure is to consider Oniy theTable I. The calculations would be rOUghly consistent with
(—1,+1 +1). reflections, which are less affected by the the experimental data if only the twin @vhich has the
form factor, close to unity whatever is the spatial distribution[ 111]. as trigonal axisis present, but this is hardly accept-

I (10°counts)

TABLE |I. Reduced magnetic intensity for the magnetic reflections observed in the twinned crystal,
defined as the extrapolation 16—« of the experimental diffracted intensity minus the nuclear paea-
sured at 1 K, and divided by the Lorentz (1/sirgRand squared magnetic forfii(q)?] factors. Also the

values of 1 (3sir?g,—1)sirfxicog6,,i=1—4 [Eq. (A7)] are listed for the four kinds of twins when the
magnetic moment is perpendicular to trigonal axis, €gs0. The trigonal axis for each twinis TW1

—[111c, TW2—[111]c, TW3—[111]c, TW4—[111]c.

(h k Ne lobs l'red TW1 TW2 TW3 TW4
-3 L L 5060 3359 0.56 1 0.56 0.56
-1 -1 -1 3940 2614 1 0.56 0.56 0.56
-3 L L 443 826 0.52 0.88 0.64 0.64
-3 -3 -3 386 720 0.88 0.52 0.64 0.64
L 3 3 3575 11730 0.72 0.93 0.51 0.51
-3 3 3 2259 7412 0.93 0.72 0.51 0.51
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FIG. 6. Plot of the diffracted intensity againsfTifor the mag-
netic reflections(010 + (100 and (012 +(102), of NdGaQ,
% NAAIO, taken from Fig. 2 in Ref. 2.

100 NdFeO,

hyperfine field and magnetic moment are included in Fig. 5.
On powder samples the HENP was not obse?gatpbably
due to lack of thermal contact between the mixing chamber
0 J T ' T T T and sample, the actual temperatures being much higher than
0 1 2 3 the nominal values, as measured at the mixing chamber. The
mip) LT magnetic structure of the Nd sublattice is driven by the
exchange field with the Fe iofidt can be classified as type
FIG. 5. Plot of hyperfine field vs magnetic moment for severalc,f,. Usually the hyperfine contribution to the scattering
perovskites, with different magnetic moment values. The straighamplitude is coherently added to that of the magnetic scat-
line is the theoretical predictioBy (T)=113m(ug). tering (see the Appendjx The HENP is produced then by the
cross terms between these two contributions. The magnetic
able and incompatible with the experimental fact that at 1 Kstructure of NdFe@has the peculiarity of having a few re-
reflections coming from at least two kinds of twins are ob-flections, allowed by the spatial periodicity of the magnetic
served. Another approach is to assume that all magnetic mdattice but whose usual magnetic diffraction amplitude van-
ments are collinear in the whole crystal, then the directiorishes because the Nd magnetic mommtis parallel to the
which agrees the best with the experimental intensities is thscattering vector. Thus it was possible to study the hyperfine
[110]c, again consistent with a planar structure. We con-contribution alone on a single crystal. The pure hyperfine
clude that the simplest magnetic structure compatible wittcontribution for the reflectiof010 and the magnetic plus
the experimental data is antiferromagnetic with momentdyperfine ones for th€100) reflection could be fitted as a
along the[ 110]c and perpendicular to the trigonal axis. function of temperature using only the hyperfine field as pa-
The value of the magnetic moment could be obtained iframeter, and adjusting the magnetic moment value by com-
the magnetic intensities can be brought to an absolute scalparison with pure nuclear reflections.
However the experimental nuclear intensities agree poorly For NdGaQ the data have been taken from Fig. 2 in Ref.
with the calculated values and the scale factor is estimated and plotted in Fig. 6 as a function ofTl/Using expression
with a large standard deviation. Therefore we prefer to také€7), B,;/m=110+10 T/ug. Taking the magnetic moment
in what follows the value obtained from powder diffraction: obtained in the same workn=(1.1+0.2)ug gives B¢
m=(1.0+0.1)ug. =120T.
For NdScQ@ the data have been taken from Ref. 5. The
ratio B,,;/m has been calculated again using express$ion
in order to compare several compounds using the same pro-
In this section, we briefly review previous experimental cedure, rather than the procedure used in the original work,
results that provide information on the HENP in several Ndthat used the slope of the plot, and where any error on the
perovskites. We have analyzed the existing data, which arscale factor affects the result. FinallyB,s/m=296
plotted in Fig. 5, using the same method discussed in the: 10T/ug,m=2.07(13g, andB,;=197+10 T.
preceding section. The compounds NdCoQOand NdIn@Q were studied by
NdFeQ, was extensively studied in the pdsthe data of neutron diffraction above 250 mK and 280 mK,

V. STUDY OF THE HENP IN OTHER PEROVSKITES
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respectively® and no indication for HENP was detected. been also observed in LT, measuremens®':!° The
This suggests a lower hyperfine fielB ;<150 T). This is  nuclear contribution to the specific heat is related to the ther-
very surprising for the In compound since it has the samemal population of the nuclear magnetic states, split by the
crystal and magnetic structures and somewhat higher madpyperfine field. IfgyunBhi/kgT<<1 holds, this contribution
netic moment than NdS¢O Thus a similar or stronger hy- can be written as

perfine field is expected. We suggest, as a possible explana-
tion, that the temperature of the sample was higher than the
indication of the thermometer attached to the mixing cham-
ber in all experiments performed on powder.

[(1+1)
Cpi/R=——5—

2
gMNBhf) . ®

kgT

Most of the experiments have been performed above 200
mK. As a result, the data provide only a rough estimate of
Bh¢, and only when it is strong enougB,:>200 T. For the

We first discuss the type of magnetic ordering in Ndglo &, Ga, Co, and Al compounds it has not been observed, in
In the case of distorted perovskites belonging to the ortho@dreement with neutron diffraction data that indicate for
rhombic space groupbnm the three nonequivalent direc- themBp~100 T. As an exception the Cr compound is one
tions allow different values of the exchange constants, whictpf the best studied because there are no other distinguishable
can be positive or negative between nearest Nd neighbors fPntributions below 1 K. The hyperfine field (21@0 T)
the crystal directiore or in theab plane, giving a variety of li€s on the straight line. For other compounds ¢ data
magnetic ordering types in the studied compounds. IrPredict hyperfine fields different from the neutron-diffraction
NdAIO;, the three pseudocubic cell directions are equivalenfesults or away from the line, but they have to be taken with

. skepticism due to experimental difficulties. Therefore one

by the space-group symmetRBc. That is, all Nd-Nd near- . . .
. . . : . can conclude that in the orthorhombic perovskites the hyper-
est neighbor intervectors and atomic environment are equiva:

ine field is proportional to the magnetic moment. By con-
lent. Therefore the exchange constants should be equal tfyast in NdAIQ, the HENP becomes observable unambigu-
symmetry in the three spatial directions, forming a three- '

dimensional3D) magnetic lattice. ously at lower temperatures than for other perovskites with

1 similar Nd magnetic moment, such as the Fe or Ga com-
However, the temperature dependencé:g)tjat& shows . :
a large tail forT>Ty,, which suggests a low-dimensional pounds. It departs from the straight line to a lower value.

. . " . We may compare these results to the expected values
magnetic order. Specially the low critical entropy obtamedf imole th In th h ds th |
from these dataS./R=0.31(1), is quite smaller than the rom a simple theory. In the rare-earth compounds the crysta

L < : ’ . .~ field is very weak and splits the ground manifold of the free
predictions for all simple 3D models of magnetic interaction,

. . . ’ion, 414, into five doublets. The coefficients of the ground
but fits very well the theoretical value for 2D Ising models: doublet depend on the symmetry and distances to the neigh-
for the square planar latticg./R=0.3065, and for the tri- P y y 9

: = . S boring ions and vary from one particular compound to an-
ztna?:gar latticeS, /R=0.3303. This fact is difficult to under- other, resulting in a different magnetic moment. In°*Nidhe

quadrupolar term of the hyperfine interaction can be ne-

tw?er?2ezz[setTleCioﬁllodorzc\(/:virréfvtgre svécgﬁn%itﬁgrrztr?qrgsnzﬁ- lected against the magnetic term. The magnetic hyperfine
9 y y 9 eld created by the electronic cloud and acting on the

and the_second neighbor i_nteraction were stronger and Terr?fucleus is given by expressiéh7.32 in Ref. 20, adapted to
magnetic. The second neighbors form planes perpendmul@ae International System of UnitéS)
to trigonal axis of the structure. In each plane the Nd atoms y '
form a triangular lattice, with an O atom exactly on the line Lo
between each of the two Nd atoms, not equidistant of both. Bhi= —24—,uB<r*3)N, 9
. . o
The nearest distance between Nd atoms belonging to con-
secutive planegnearest neighbors in the 3D lattice and lo- where the vectoN is defined in the expressidt7.48 of the
cated at the center of two consecutive pseudogubesbout  same reference as
J2 times shorter but there are no atoms directly in between.
This interaction has to be mediated by four O atoms with
Nd-O-Nd angles near 90° which could be antiferromagnetic
and weaker than the intraplanar interaction. The distance to
the next plane is the same as the intraplanar one, but thehere the core polarization due $celectrons has been ne-
Nd-O-Nd angle is 168°, which eventually could make theglected, since it is known to account for a few percent at
interaction weaker than within a plane. In such a case theost in 4f ions(Table 5.5 and p. 705 in Ref. 20Usually a
system could exhibit a 2D behavior, in agreement with theprecise knowledge oBy; by ENDOR or atomic beam triple
C, data. resonance is used to determifre 3), allowing a comparison
Now the hyperfine polarization in the perovskites will be with theoretical atomic models. The ground level of the free
discussed. The hyperfine field obtained from the HENP hadld®* ion is a linear combination of states with different
been plotted against the electronic magnetic moment in Figvalues ofL and S but can approximately be considered as a
5. For the orthorhombic perovskites and some other intermemanifold with 4l 4, since the modulus of the coefficient in
tallic compounds the data lie roughly on the straight IBile the combination exceeds 0.98 means a pur&,S,J state
=Km with K=108 T/ug. This hyperfine polarization has for L=6, S=3/2, J=9/2.2 In the ground level of the free

VI. DISCUSSION

ri-S
N= |i_Si+3rTri], (10)

felectrons[ i
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ion characterized bylL(,S,J), N can be replaced by its pro- Of perovskites, giving rise to the departure from the predic-

jection overd, (J|N[J)J. The reduced matrix element for tion based on the neglect of this contribution..
N is given in Table 20 of Ref. 20(J|N[J)=22x7 In summary, the experiments reported in this work reveal

X 17/(3x 112). some specific features of NdA{Qvhen compared with other

The interaction with the crystal field splits the ground Nd Pseudoperovskites. .
ionic level (formed by ten statsnto five Kramers doublets. (@ The neutron diffraction technique at very low tempera-

Below Ty, the ground doublet is in turn split by the ex- tures (I'_<1 K) _allows us to study ordered Nd s_ublattices in
change interactions and the ground single state can be wri€rovskites. Since their magnetic moments differ markedly
ten as a linear combination of théM) states with=9/2: from the free ion value our experiments have allowed to

|‘I’O>ZE?A/2=_9/2C|\/|| M). Then the expected value of the vec- d(_etermine their hyperfine fieIBhf and_find their correlation
with the electronic magnetic momemitin a very large range.

torN'is The analysis of the experimental data shows a linear depen-
92 dence withB;,;/m=108 T/ug, very close to the value cal-
(NY=(N,)=(J|IN[|J) > M|cylx (11  culated from simple considerations.
M=-9/2

(b) The magnetic structure is a pure antiferromagnetic
one, which can be classified bs m; —m,, in the notation of

X ) , . Turov? for the space grouR3c, i.e., with antiparallel mo-

frge fon with the' Landdactor for N&* g,=8/11, which ments at the twopsites of the rombohedral primitive unit cell,

gives the saturation moment/ ug=0,J=36/11=3.27. For ;4 455 with all nearest neighbors oppositely oriented. This

the lon in the crystal field the magnetic moment in its groundis in contrast to the NdM@orthorhombic perovskites where

state Is the pure antiferromagnetig structure is never found.

92 (N) (c) The N* magnetic moment is similar to the one
_ 2_ _ found in the orthorhombic perovskites with short Nd-O dis-

(m Gome,, :2—9/2 MICw| S8 3 IN]ay (12 tances, as in the cases of NdRe® NdGaQ, but the ratio

of hyperfine field to magnetic moment is somewhat lower.

Therefore the hyperfine field is proportional to the mag-

Moreover the magnetic moment im= —g;ugJ for the

netic moment. The ratio is ACKNOWLEDGMENTS
(Bnr) o 2(r 3 The cry;tal was kindly provided by Dr. _M. Marezio from
K= == (J|INJ13), (13) the collection of crystals of late J.P. Remeika. This work was
(m) 4w g, supported by the Spanish research projects MAT02/166 and

whenBy; is expressed in tesla, the magnetic moment in BohMAT2001-3507.

magnetons, and in atomic units, which make&(T/ug)
=22.57r3). For the free ion values dfr “3)=5 a.u. are
reportec?? giving K=113T/ug, which agrees very well
with the experimental values found for well-studied interme-  The magnetic plus hyperfine structure factor is given by
tallic compounds with transition-metal atoms as,Re -, the vecto?
NdFe;Ti (Ref. 23 V\ﬂg\zeBhf has been determine%by NMR _
or Nd,Fe 4B, using d-Mossbauer spectroscofy. m+h_ S .

In other compounds probablr ~3) is not too different Fhid _Ej: ex;{ — B 2 )exp[2w|(hxj+kyj+lzj)]
since the 4 electrons are weakly perturbed by the crystal
field. Then the ratio of hyperfine field to magnetic moment is bndinc{!})
expected to be close to the theoretical straight line, as hap- X| amf()(Mj ) ——F——=
pens with NdFe@, NdGaQ, and NdCrQ. On the other H(1+1)
hand, NdSc@and NdA}, fall somewhat below the predicted where the summation runs over the Nd atoms in the unit cell,
line (Fig. 5. The experimental point of NdAIQfalls still  a,=2.695<10 > m/ug is the magnetic scattering length,
lower than both the predicted line and the two latter com-ug the Bohr magnetonf(q) the magnetic form factorB;
pounds. Since the Nd momentm= +1 ug is quite similar  the thermal factor for the atoml; the nuclear spin operator,
to that found in the orthorhombic perovskites and to them; the magnetic momentj=2m(ha* ,kb*,Ic*) the scatter-
value deduced from the crystal-field calculations, we believéng vector,m;; =m;—(m;- q)q/g? the projection oim; over
that this value is beyond doubt. We must conclude that theéhe plane perpendicular th andbyg . the incoherent scat-
low value of the hyperfine field we observe is due to antering length of the Nd atom at the sjteat room temperature
additional opposite contribution to the electronic magneticfor thermal neutrons. Only the spin incoherence must be con-
field one. Since the main difference of NdAJ@ the other sidered: when there are several isotopes a properly weighted
perovskites reviewed is the magnetic structure, apparentlgverage should be made. The angular brackets hold for ther-
2D, and the value of the exchange interaction, we can onlynal or quantum average and they will be omitted in the
conjecture that the exchange biased core-polarization contrfellowing, when there is no possible confusion.
bution to the hyperfine field is not negligible when compared  The thermal parameteB; are negligible in the range of
to the low value in NdAIQ, and is different in the two types temperatures of interest in this work. For NdAl@he mag-

APPENDIX HYPERFINE PLUS MAGNETIC
STRUCTURE FACTOR FOR A TWINNED CRYSTAL

: (A1)
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netic lattice contains two antiparallel moments per primitiveaverage of three terms witlh, ¢+120°, ande—120°, re-

rhombohedral unit cell, the positional factors beiid and  spectively. The produan.q, is the same for all three, while

—1, respectively(multiplied by a physically meaningless the average oi,-q, vanishes and the average of its square

global phase which depends on the choice of the coordinate

origin), and contributing equally t&,, for the allowed re-

flections, which can be indexed with respect to the pseudocu- n 1 2mn

bic unit cell with all the three half-odd numbers. Therefore ((Mp=dp)%) =73 4 | MplpCOs ¢+ —3—

only one atom needs to be considered. Moreover, due to the h (A5)

strong hyperfine field the nuclear spin has the same direction

as the magnetic moment. Then the structure factor can b&he same result holds for the three domains related by the

written as glide plane. The average ofr(- q)? can be obtained by sub-
stituting Eq.(A5) in Eq. (A4):

21

m-q
F=Am, +Bm=(A+B)m—A——q, A2
where A= a,f(q) andB= —(1)byginc(m)VI(I+1). For a m*q? m?g?
single crystal the diffracted intensity is proportional to

1
| S mict|

(m-g)2 =(gsin20m— 1)sin2X+cos’-0m. (AB)

|F|>=(A+B)?m*— (A’+2AB) —
q

(A3)

The diffracted intensity is proportional to the average of
In the range of temperatures of interest usu@igA holds the squared magnetic plus hyperfine structure factor of a
and (A+B)? can be replaced b%?+ 2AB, which results for ~ single domain, obtained by inserting E&6) into Eq. (A3):
|F|? an expression similar to the usual magnetic diffraction,

replacingA+ B for A. In this case the cross ternAB domi- ([FI?)=m?{(A+B)*—(A%+2AB)
nates the additional contribution due to the hyperfine polar- 5 . .
ization of the nuclear spins. Nevertheless, whes parallel X[ (3sirP0y,—1)sirfxy+cogb,]}. (A7)

to m, m, =0, and the pure hyperfine contribution is then
proportional tom?B?, giving a quite weaker extra contribu-
tion, as seen in NdFeQ Ref. 6.

In a crystal belonging to thR3c space group, there are
six equivalent directions to a given one. Half of them are
related by the threefold symmetry axis and the other half arg hich adds incoherently to the magnetic part, proportional to
related to the former one by a glide symmetry platf®e g2 \yhich is independent of the direction qfandm.
generatorc in the space group symbol, which acts as a pure” |, 1he present case the crystal is twinned, the trigonal axis

(kj)lnary a>_}|s on the mggr:lethfmhomehtwg_en the c_rystglhor- being one of the four ternary axes present in a perfect cubic
ers antiferromagnetically, if the easy direction is without @perovskite structure, namely, the directions

special symmetry, it splits into six kinds of magnetic do- — — — .
mains. Three of them are related by successive 120° rotd+1c, [111]c, .[111]2’ and[111]c, which can be ob-
tions around the trigonal axis. The remaining three bydhe tained by successive 90° rotations around one of the fourfold
glide plane. There can also be domains related by pure trang—ieS of the cube_. rll‘etfidle.nfte thesle dggctloni bﬁ/ t?]e vector
lation or inversion of the sense of the moments, and sepae-_(exl’ey'ez)’ wit ﬁi_— ,|;x,yr;z.d n tF'.S wlor ht e e>;]— .
rated by 180° domain walls, but these are not distinguishabl gonal axes are taken as sketched in Fig. 1, that Is, the in-
by neutron diffraction. Let us calin, the projection of the gxatlon IS strictly cor_rect fo.r the twin that_has LTl as
magnetic moment on the trigonal axis amd the projection trigonal axis, or nominal twin. For a particular reflectign

has any direction. Its components with respect to the

on the plane perpendicular to it. The scattering vecior . .
which is perpendicular to the family of crystallographic cublc_axes are denoted Im_ (qx’qV.’q.Z)' The angley with
the trigonal axis of a particular twin is given by

planes bkl) and has a modulug=4sind/\, can also be
decomposed into two perpendicular vectggsandq,. The

squared scalar product in EGA3) can be written as cosy— €q_ edxtedyteq,

eq qv3

(m- Q)ZZ (mp' qp+ meqe)2
_ 2 2 The sum of the squared cosines for the four kinds of twins is
= (Mp: Gp)™+ (MeGe) ™+ 2Mp- GpMele- (A4) >* co€x;=4/3. When all the four kinds of twins are
Let us call ¢ the angle betweem, andq,, x the angle equally present, the intensity of a reflection produced by the
betweerg and the trigonal axis, ané,,, the angle betweem  magnetic plus hyperfine polarization is obtained by replacing
and the trigonal axis. Let us assume that there is the sanie Eq. (A7) sir’y by %Eitlsinzxi=2/3, to get the average
volume of each kind of domains. Then the square of thesquared structure factor for a multi-domain twinned crystal
structure factor for a single domain must be replaced by ther a powder:

Therefore, wheB=0, that is, for a pure magnetic case, this
expression reduces to the usual diffracted intensity for a mul-
tidomain crystal, while when the nuclear polarization is siz-
able, it gives rise to a term proportional A5+ 2AB (which
adds coherently to the magnetic contribuji@amd to another

(A8)
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(|[F™ N2y = m2{(A+B)2— (A2+ 2AB)[ ({sirPo,—1)2 puted simply by adding the hyperfine amplituBeto the
2 m ° magnetic one\, and neglecting the teri@?/3.
+cof6,, ] =m [ 2(A+B)2+1B2]. (A9) On a powder, if the rhombohedral distortion is enough to

) ) ) resolve the Bragg peaks, then the intensity is given by ex-
Therefore, on a powder or a multidomain twinned crystal,pression(A7) times the multiplicity, scale, and Lorentz fac-

when the reflections coming from a single domain or Winy, g hecause each crystallite can have the magnetic moment

cannot be resolved, 2/3 of the amplitude of the hyperfing, ony of the equivalent easy directions. For the reflection
contribution adds coherently to the usual magnetic one, an

1/3 of the hyperfine part does incoherently, irrespectively o _/2£/2’1/2,)::(003),H ' ssz:C_)' For (1/2{_ 12,112},
the direction ofm or g. At not too low temperatures usually — (011)n, in-an undistorted cubic structure, 5“*8!3 U*Sz
B<A, and the cross termAlB/3 in the expansion of 2 ~ Ind the crystaliographic data of Ref. 9, Sir-a*%/(a
+B)%/3 dominates the hyperfine contribution. It can be com-*¢")=0.8870.
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