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Single-crystal neutron diffraction study of Nd magnetic ordering in NdFeQ; at low temperature
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The temperature variation of t{@00) and (010 neutron diffraction peak intensities, related only to the Nd
magnetic moments, have been measured on a NgB&@le crystal, at temperatures down to 70 mK. The
(100 peak becomes noticeable below 25 K while (&0 peak only gives an appreciable contribution below
1 K. AboveTy,~1 K the (100) peak intensity is accounted for by the electronic magnetic moments polarized
by the Nd-Fe exchange field. Ne@y, a change of slope is observed in the temperature dependence of the
(100 reflection intensity, demonstrating the crossover from the above polarization of Nd under the Nd-Fe
exchange to proper long-range ordering due to Nd-Nd interaction. Belowt K another mechanism, polar-
ization of Nd nuclear moments by hyperfine field, contributes to the intensity qfLf@® and(010) peaks. A
simple mean-field model explains consistently the observed temperature dependence of the diffraction inten-
sities as well as earlier specific-heat data. The main feature of this model is allowance for Van Vleck suscep-
tibility, which appears to play an important role in the overall polarization of Nd. The values of the hyperfine
field at the Nd nucleiH,;=1.0+0.15 MOe and of the Nd electronic magnetic momenj;=0.9 ug are
deduced, the ratiél ¢ /ung being the same as in other Nd compouri@®0163-18207)11817-3

I. INTRODUCTION 0=S5-5+%—5,

Perovskites in general and rare-earth orthoferiREgO; C=5+5— %5,
in particular are recognized model systems in solid-state
physics and as such they have been under thorough investitheres,, s,, S;, ands, are the electronic spins of the four
gation over decades. Many techniques have been applied ahdi®" ions situated approximately 0,02), (0,03), (3,3,9),
among them neutron diffraction has been used extensively tand (3,3,3) in the unit cell. Formulas similar to Eqd),
determine the magnetic structures of the orthoferrites, starbut with iron spins, define operatofs A, G, andC used to
ing with the pioneer work of Koehleet al. back in 19605  describe magnetic configurations of iron.
where, among others, NdFe@as studied. It thus came asa The iron spins in NdFeQorder at high temperature,
surprise when two years ago in this by then well-studiedT,; =690 K;’ the magnetic structure is antiferromagnetic,
compound the moments of Nd were found to undergo a colwith a weakly ferromagnetic compone@t,F, (irreducible
lective magnetic ordering afy,=1.05 K2, not just unno- representatiod’,). Between 125 and 167 K the iron spins
ticed, but regarded as impossible before. rotate continuously in theac plane, from G,F, to

NdFeQ has an orthorhombically distorted perovskite G,F, (I',—T',).% At low temperatures th&,F, (I',) spin
structure, space group35— Pbnm with four formula units  configuration of iron induces, via Nd-Fe exchange, a notice-
per elementary ceft® The magnetic configurations are cus- able Nd polarization of the same symmetfty (cyf). The
tomarily described in terms of eigenstates of linear combinaweak ferromagnetic momentg,, of iron andf, of Nd, are
tions of spin operators for different rare-earth or iron sttes, antiparallel and af =8 K the overall spontaneous magneti-
whose Cartesian components transform as one of the eighttion becomes compensafed.Both the G, mode of iron
one-dimensional irreducible representations of the reducednd thec, mode of Nd were observed in powder neutron
space groui® . For the Nd subsystem these linear combi-diffraction experiments at low temperaturés?
nations are The proper magnetic ordering of Nd in NdFe@akes

place atTy,=1.05 K, as manifested by a sharp peak in the
specific heat, found recenfiyn the low-temperature slope

=59t sts, @ of the Schottky anomaly known from an earlier wirkhe
interpretation of the peak was based upon the analogy with
a=8,—-5— %+, other orthoferrites, GdFedRef. 13 and DyFeQ (Ref. 14,
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as well as with isostructural Nd compounds, NdGdRef. 20
15) and NdCoQ, (Ref. 2 where similar magnetic ordering |
had been observed before. The specific-heat data were suc- *
cessfully described by the mean-field motiebhich, how-
ever, due to its disregard of important effects associated with
Van Vleck susceptibility, proved insufficient for the neutron
diffraction peak intensities dealt with in the present work.
Thus, our primary objective is to gain information about
the magnetic symmetry of the Nd subsystem in the ordered
phase. Secondly, we shall revise the mean-field model of
Ref. 2 so as to allow for the Van Vleck contribution, with a o~ — o
view to providing a coherent description of both the specific- 0 : - ' ' '
heat and neutron diffraction data. Finally, beld K we 0 10 T(K) 20 30
expect to see the contribution from the Nd nuclei polarized
by the hyperfine field, as was observed in NdGa®so we
shall include this effect in the model.

]
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FIG. 1. Temperature dependence of ti€0 reflection inten-
sity: @ low-temperature data sef) high-temperature data set;
dashed curve is a guide for the eye.

Il. EXPERIMENTAL DETAILS
collecting the data long enough to gain sufficient statistics,

The single crystal was grown by the flux method. Spon-anq verified by reproducing some of the points.
taneous crystallization of NdFeQook place under isother-

mic evaporation of a solution of stoichiometric mixture of

Nd,O; and FgOs in PbO-Pbk-B,0; melt. The crystal had Il EXPERIMENTAL RESULTS

natural perovskite habit with faces parallel (®10), (110), In Fig. 1 we present théL00) peak intensity as a function
and (00D). It was checked optically and with x-ray diffrac- ¢ the temperature, with the two different data sets overlap-
tion; no twins were detected within the experimental SeNsining between 1.2 and 2 K. As temperature decreases, the

tivity. following four features become apparef@®. Between 27 and
The diffraction experiment was performed on the double; 3 ¢ tge intensity continuousl;i/)pgroe\fvi) as would be ex-

axis diffractometer E4 at the Neutron Scattering Center ofectaq due to the progressive polarization of the paramag-
the Hahn-Meltner-InstltL_Jt in Berlin. The high-resolution netic subsystem of Nd moments under the exchange field
mode was employed with a wavelength £-2.45 A. A oai0q by the Fe iongb) A change of slope occurs at
\/2 pyrolitic graphite filter was used in all the experiments.t._1 3 k “near the Nd ordering temperatufg,=1.05 K.

. 4 :
Two setups were used: %"Pj" He refrigerator coupled 0 @ () The intensity flattens out betwediy, and 800 mK;(d)
standard ILL "He gas-flow “orange” cryostat between 70 rom goo mK down to the lowest temperature achieved, 70
mK and 2 K, and just the “orange” cryostat from 210 30 K. i 'the intensity increases steeply; this marks the onset of

The sample was oriented with itsaxis vertical; it was glued  arization of the Nd nuclear moments. The electronic mag-
with Stycast resin on a vertical thin copper plate placed bepgtic moment of Nd deduced from the total intensity of the
low a copper rod attached to the refrigerator mixing Cham'(lOO) peak afT=1K is ppng=0.9+0.1up.

ber. The temperature was measured at the mixing chamber, |, Fig. 2 we show the temperature dependence of the

S0 a certain temperature gradient between the sample ariﬂensity of the(010) peak. Between 27 a5 K there is a
thermometer was expected. very small peak in the-26 scans that could be due 92

Once the sample was cooled down to LK, the intensitiegntamination, so we regard the intensity of this peak as zero
of the purely nuclear reflectiond10 and(110) were mea-

sured in6-26 scans to verify the sample orientation and to
obtain an absolute reference for the determination of mag- }
netic intensities. After thisg-26 scans were done through the 0.4}
(100 and (010 magnetic positions, at various stabilized
temperatures. These scans were fitted to a simple Gaussian
function plus a constant background, and from each fitted
curve the integrated intensity was evaluated. The scale factor
was determined from these intensitiesTat 1.2 and 5 K.

The intensities of thg110 and (110) reflections differed . R
from each other by 15%, probably because of the difference 0 1 2 3 4
in the absorption of the Cu support plate for different orien- : Togf-ggp —F — — — — _ & —
tations. The magnetic intensities measured at the same tem- * '

perature with the two cryostats differed by 10%. With just 0 10 T(K) 20 30

one reflection intensitythat for (110] available, possible

extinction could not be allowed for. So, the absolute accu- F|G. 2. Temperature dependence of 1040) reflection inten-
racy of our measurements is 15%. On the other hand, theity: @ low-temperature data sef) high-temperature data set;
relative variations in the peak intensities due to temperaturélashed curve is 0.06 times th&00) line intensity (ascribed to
variation were determined better than 1%, as we assured hwins, see text for details
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| where the sum is extended over all atoms in a unit cell speci-
o , 1 fied by their positiord, My, is the perpendicular te com-
0 0.2 0.8 1 ponent of the(vectoy operator of total electronic magnetic

04 06
TK) moment of the atom placed dt and | is its nuclear spin

FIG. 3. Temperature dependence of (&0 reflection intensity opﬁrator;bdc and.bdi lare, LeSp?ﬁCt'VGIY’ tEe coheren_t a;nd In-
corrected for twinning. Continuous line was calculated using Eq.CO erent scattering lengths affig( 7) 's_tlse mqgnetlc orm
; - factor for the atom atl; «=2.695<10 ** cm is the mag-

(36) with H;,;=1.0 MOe. - -
netic scattering length;--) stands for thermal averag@Ve
have introduced a minus before the electronic magnetic mo-

ent anticipating further application t&*3Nd and #Nd,
whose nuclear magnetic moments are antiparallel to the cor-

base line for the intensity at lower temperatures. Below 8
the (010 line intensity starts to grow. This cannot be due to

either the long-range ordering of Nwhich would give con- o500 ding nuclear spinis but parallel to the hyperfine field

tribution only below Ty,=1.05K) or A/2 contamination 4.4 the electronic magnetic momerlts producing that

(which has already been determined at higher temperaturer@d_)

and should remain independent of temperature We shall herein focus on th@00) and (010 reflections.
The most plausible explanation for this is that a Sma”Carrying out the summation in Eg), with the atom posi-

volume of the sample is a twin crystal whoaeaxis is par-  ions d for NdFeQ, we find that bothF"(100) andF"(010)
allel to theb axis of the main crystal whereas theaxes of |, anish.  whereas the only nonzero contribution to

both coincide. Then th€010) line is contaminated with the F™h(100) andF™ "(010) comes from the four Nd atoms.

intensity of the stronger magneti¢00) peak in an amount Taking into account that for N f(100)=f(010)=0.9318
proportional to the twin volume. In fact, twinning is virtually we write F"*N(100) as follows:

inevitable in light rare-earth orthoferrites because their lattice
parameterss andb are nearly equal. When scaled down to Fm+h(100)=0.93a<|\7|n+ |\A/|2L_|\}|3l_ '\A/|4¢>
0.06 of its original magnitude, th€l00) intensity matches

the temperature-dependent part of {640 intensity above bngi o~ 2 o~ -

Tz, See Fig. 2. We thus conclude that the twin volume is ~ 0D (litla—=13—14), (4)
about 6%, which is too small to be detected with the tech- ( )

niques we used in our preliminary tests. where the vector operatdd, ={OM,,M,} has onlyy and

We subtracted the temperature-independegtcontribu- 7 components. The expression f6f'*"(010) is identical
tion as well as the twinning contribution=0.06 times the with Eq. (4) butl\?ll then mean$|\7| oM }. Thus,F™* " for
. il XV yd il

(10?2 pegk ilntendsitrillfrohm the origingldinteqsitlyz/_ of ;hé_Pth) _Eoth reflections under study contains operators similar to the
peak and plotted the thus corrected data in Fig. 3. There sti{ i oheratoi defined by Egs(1). This means that a non-

remains.a rgsidual intensity bwgl K which must be caused zero magnetic part dF™ "(100) can only result from mag-

by poIar!zat|on of the Nd nuclei. netic configurations of type, (I';) and/orc, (I';), whereas
We did not attempt to measure tlﬁgcompor)ent known. F™*N(010) can only receive magnetic contributions from

to be present abovéy, since the corresponding magnetic configurations of typec,(I's) and/or c,; however, any

Bragg peaks are superimposed by the much more Inten%e-type configuration of nuclear moments contributes to the

nuclear peaks. intensity of both peaks. A purely hyperfifi@10 peak and a

(100 peak with a strong magnetic component, observed in

the present work as well as in Ref. 19, suggest that the ob-

served mode ig,. Then F™ " has only ay component,
The single-crystal neutron diffraction intensity corre- given by

sponding to Bragg peak hkl), or to vector 7

IV. ANALYSIS

={2wh/a,2wk/b,27l/c} of reciprocal lattice, is propor- h _ bnagi  ~ &~ -
tional to Fm (010)——m<|1y+|2y_|3y_|4y>a 5
h —
L(T)[|Fn(7_)|2+|Fm+h(7_)|2], (2) Fm+ (100)—0936¥><4Sg,7]2
PN T T (6
whereL () is the Lorentz factot’ L(100)=L(010)=2.27, —m< ytloy=lay=lay), (6)

F"(7) is the nuclear structure factor, afd" "(7) is the
magnetic and hyperfine structure factor. For nonpolarized inwhere 7, is a dimensionless parameter describing magnetic
cident neutrons, order of typec,(I',),
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=(4S ) UM 1+ Mopy— May— M), (7) ~ After these preliminaries we write the following mean-
72 Ga) ™ (May May—May—May) field Hamiltonian for Nd ions in one unit cell:
gy is the splitting factor for the ground doublet of fid

S=3 (see the next section Hue=—267R—20,7,C,+ gyusH e,

In principle, intensities of both peaks can also be affected )
by a-type magnetic modes; however, this is neglected in Egs. _ E Hoo ﬂ 2072 20,72 (9)
(4)—(7). There are two grounds for such neglect: first, the N XVvv| Mex Oy 2 g 2'72:
corresponding terms contain a small prefactor proportional to

the deviation of the atomic positiomksfrom those character- In this expression the first and second terms describe the
istic of the ideal perovskite structure; for the ideal perovskiteNd-Nd exchange, modds, andI',, respectively, and and
structure these terms vanish completely. Secondly, no notices, are the corresponding exchange constants. The third term
able (001) peak was observed in powder neutron diffractioncorresponds to the Zeeman part of the Nd-Fe interaction. The
above or belowTy,,?° meaning that any possible content of fourth term takes into consideration the Van Vleck contribu-

eithera, or a, mode is negligibly small. tion from both the Nd-Fe and Nd-Nd interactions. The fifth
and sixth terms correspond to the self-interaction correction.
A. Electronic contribution (N=1.70x 10?> cm™ 3 is the concentration of Nd ions.

. . The free energy splits into four equal free enerdiase
In this section the temperature dependence of the param. oach Nd ion igr]lythg call g d

eter 5, defined by Eq(7) will be calculated. We shall use

the mean field approximation, in particular the Nd-Fe ex- A

change will be described by means of a staggered exchange F=307°+3%0,75—TIn|2 cos!{ —”

field He, produced by Fe and acting on the Nd ions. In the 2T
temperature range under study this field can be assumed in- Yoy 20, 2

dependent of temperature, as the iron magnetic subsystem is “5N ( ext —— 7722> , (10
fully saturated. YyMs

The low-symmetry(point groupCs-m) crystal field splits
the *l4, multiplet of N&®* into five Kramers doublets, the
first excited doublet being situated as high as at 122 K fr_om A:[(Zé’ﬂ)z‘*'(gyMBHex+292772)2]1/2 (11)
the ground staté! In the low-temperature range studied in
the present work only the lowest doublet is appreciablyis the exchange splitting of the Rl ground doublet. Mini-
populated. This enables us to employ the effective gpin-mizing F with respect ony and 7,, one gets the following
formalism. Thusg, in Egs.(1) should be understood as spin characteristic equations:
operators forS=13.

The origin of polarizationy, of the Nd* ions is twofold: 20 A
(i) Zeeman splitting of the ground doublet produced by the =N N tanl‘(ﬁ),
Nd-Fe and Nd-Nd exchange fields;) Van Vleck suscepti-
bility and associated extra moments induced on th&'Ndn
by the exchange fields. We therefore write

where

(12

+ ot kn, (13

:ﬂBngex+202772 A
72 A 2T

1 ~ . .
=—3(c,)+Van Vleck contribution. 8
72 2< y> (8 where
Parametern, describes the magnetic mode that trans-
forms like c,, i.e., it belongs to the irreducible representa-

tion I', of the reduced space grou'fbég. There exists an-

other spin operator that belongs g, f,.° It is associated
with the weak ferromagnetic component of the Nd magneti
configuration, which is very small as comparmgd It is ne-
glected in the present work, implying that the Nd-Fe ex-
change fieldH., has a nonzero component only in tle
direction and that the Nd tensor has no nondiagonal com-

2xyvH dxwvb:
= N—ex y K= 7 D . (14)
OyMB Ngjug

7o

The first term on the right-hand side of E4.3) is the Zee-
$nan part ofy,, whereas the following two terms represent
the contribution due to the Van Vleck susceptibility.

The entropy of the Nd electronic spin system can be ex-
pressed as follows:

ponentg,, . EoaE E
To describe the proper magnetic ordering of Nd, we in- S=— (?__ (7_(?_7;_ (9— ﬂ_ (15
troduce another parameter which is assumed to belong to dr dn dT  dmp JT

a yet unknown irreducible representatibp, i # 2. For sim- ) o N

plicity, we shall limit ourselves to just the Zeeman part of However, by virtue of the equilibrium conditions=/d7

this parametery = _%<|‘Q>, whereR is one of the spin op- =0 and@l_:/ﬁnfo, i.e., one needs to tc_':lke into accou_nt only

erators of type(1), whose exact form is not yet known. We the explicit dependence &f onT. Carrying out such differ-

also assume that any other mode that could possibly belorfgtiation of Eq.(10), we get(in units of R per molg

to the same representatidh remains negligibly small, so

that the ordering of Nd can be described with just one order cosl‘( A) } _ A tanr(i) (16)
2T 2T 2T)°

S=In2+In
parameter.
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Let us discuss the characteristic Eq$2) and (13) in
some greater detail. There are two distinct possibiliti@s:

there is polarization but no proper magnetic order of Nd

(n=0) or (ii) there is proper long-range orden#0).
(i) »=0(T>Ty,). Equation(12) is automatically satis-
fied, whereas Eq.14) takes the following form:

o=tan o7/ (17

where
o=(1=k)n— 70, (18
A:gy/~’«BHe><_|'2‘92772- (19

J. BARTOLOMEc et al. 55

20 A
— tan)‘(—) =1. (27

A 2T

This enables us to eliminate the hyperbolic tangent from Eq.
(13):

OymgHexT20,7m,=26[(1— k) 7,— 0], (28)
or
_ gymsHed2+ 079
M=T1NT 0(1_K)_ 02 ’ (29)

i.e., 7, remains constant frorf, down to O K. It is conve-
nient to define parameterin this temperature range in such
a way as to comply with Eq19),

Here we have introduced, for convenience, an explicit nota-

tion o for the Zeeman part of the polarizatiop . Using Egs.
(17)—(19) one can rewrite Eq(16) as follows:

S=In2-3[(1+o)In(1+ o)+ (1—0o)In(1—0o)]. (20)

B A _ A
o=tan ﬁ —2—6.

Then Eq.(20) for the entropy can be used both above and
below Ty,, o<oy, and o> oy, respectively. Obviously,

(30

Thus, explicit dependence 8fon T has been eliminated; the the entropy is continuous afty,, where a second-order

only source of temperature dependence in®@6) is o. It is

convenient to introduce the following dimensionless vari-

ables:
=71t 21
- 02 ’ ( )
_ OympHed k—1) 7o
6= 262 No= K ’ (22)
and to rewrite Eq(17) in the form resolved fot,
2(6—o0)
t= |1—+0_ (23
: l1-0
This will enable us to calculate the specific heat in a straight-
forward way,
=T r?S_ dSldo o4
T Y oae @49

Carrying out the necessary derivations of E@€) and (23
we get

_(0-0)¥(1-0?)

t(t+1-0) @9

Conjunction of Eqs(23) and (25) describes, in parametric

form, the dependence & on T for T>Ty,. Also, Eq.(23)
in conjunction with an obvious relation

o+ 7o
M= (26)
describes the temperature variation of the polarizatign
The parametero varies between 0T=«) and oy (T
=Tn2), Where ony=nn(1— k) — 5o and 5y is defined by
Eq. (29) below.

(i) »#0(T<Ty2). Equation(12) can be divided bysy:

phase transition takes place.
Substituting Eq(28) into Eq.(11) and dividing the latter
by 26, we get the relation betweenand »

o=(n’+ 0',%,)1/2. (31

It is also convenient to redefine beldy, the dimensionless
thermal variable as follows:t=T/6 [t was defined above
Tn2 by EQ. (21)]. Then one can make use of E@4) to
calculate the specific he@. The final set of equations de-
scribing parametrically th€ vst dependence fof <T, is

_ 20
R Ty (32
B a’(1—a?)
TH1r o)) 39

The parametelr varies betweeroy (T=Ty,) and 1 (T
=0).

Adding on an obvious relation,
2__ 0,'2\1)1/2'

n=(o (34)

we get the parametric form fop vs T. 7 increases frony
=0 ato=oy (T=Ty2) to a maximum value at=1(T
=0).

Summarizing, temperature dependence of the electronic
polarization of typec, , 77,, aboveTy; is described by a pair
of parametric equations, Eq&3) and (26), where the pa-
rametero varies between zeroT(=«) and some positive
value o<1, corresponding td .. Below Ty,, 7, is con-
stant and equal tayy, Eq. (29). The quantitys, describing
the proper magnetic order of Nd whose exact type is un-
known, is zero abové@, and is given by parametric equa-
tions (32) and(34) belowTy,, ony<o<1. Finally, tempera-
ture dependence of the specific heat is found from parametric
equationg23) and(25) aboveTy, (0<o<oy) and(32) and
(33) below Ty, (ony<o<1). The absolute temperature
equalstd,/(k—1) aboveTy, andted below Tys.
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B. Polarization of the Nd®* nuclear moments The hyperfine contribution to the structure factor of the

We shall now proceed to calculate the thermal average oft00 peak is identical with Eq(37). We thus can rewrite

the sum of nuclear spin operators that enters Efi@and(6).  £d- (6) as follows:

The subsystem of nuclear spins of Nd can be regarded as an H

ideal pqramagnet acted upon by a staggered hyperfine .field FMh(100) = ey 72+ Der N hf’ (39)
Hy: having the same symmetry as the Nd electronic polariza- T

tion. Since the latter is overwhelmingly dominated by thewhereaeﬁ=0.93><48 @=5.0¢10"2 cm (S=1), by is the

¢, mode (see Fig. 6 below we assume thaﬁhf.’ Just like same as in Eq(38), and parameter;, depends on tempera-
Hqy, has only ay component, positive on Nd site Nos. 1, 2 : ! . .
ture as described in the previous section.

and negative on site Nos. 3, 4. The Hamiltonian term which The subsvst £ Nd | . tributes to th )
describes the hyperfine interaction in the magnetically or-_... ubsystem o nuciear spins contributes o the spe
dered state is cific heat m_the form of_a Schottky anomaly due to the ther-
mal population of the eight levels, equally spaceddyy. In

the temperature region of interest the same high-temperature

=~ Onanl H approximation as employed for the Brillouin function may
which splits the nuclear eightfold degenerady=() into  be applied to the heat capacity
equally spaced states with an energy difference between —
each: MeefH b

CnZ?z—, (39
Apr=InpnHne -
where

Then Eq.(5) simplifies to

wZe=1(1+1)g3ul=15.75¢[0.12183(**Nd)

Abyg,i ('gNMNth) ) e . X
JI(T+1) 'Bi T . (39 +0.082Y{(Y*Nd) 1wy =0.22%{

whereB(x) is the Brillouin function andyy is the nuclear
splitting factor.

As it will become apparena posteriorj within the tem-
perature range under consideration in the present wbrk,

>70 mK, the argument of the Brillouin function remains  Expressions for the structure fact@8) and(38) contain
small as compared with unity. This enables us to expand thgyg adjustable parameters—tiecomponent of the tensor
Brillouin function in a power series and keep only the first ¢ Nd, g,, and the hyperfine field on the Nd nuclély;.
term linear inHp;: Further four adjustable parameter&—#6,, H.,, and
4 H xyvy—are employed in calculatingy, (Sec. IV A). In this

KN tion we shall describe at length the procedure used to fit

F™h010)=— = Il +1)bygigy ——. (36  S€C ; atlendt b : .
(010 3 ( ), Gn T (36 the experimental data, with particular emphasis on its se-
quential character, so as to dispel natural doubt as to possible

Fina_llly, as we presumably deal with the na_ltural mixture Ofambiguity caused by the relatively large number of adjust-
Nd isotopes, Eq(36) should be correspondingly averaged. 4o parameters.

F™h010) = —

is the mean square of the effective nuclear moment for the
natural mixture of Nd isotopes.

V. DETERMINATION OF ADJUSTABLE PARAMETERS

The result is
H A. Fitting the specific-heat data
F™h(010)=b HNTTf (37) , . o
et 1 We start with the specific-heat data abdyg, i.e., in the
region of the Schottky anomaly, and notice that the corre-
with sponding equation&3) and (25) contain just one free pa-
rameters, defined by Eq(22). Letting o run from 0.4 to 0.99
ber= — 21/7[0.1218;(143Nd) gy (1*3Nd) with step 0.01, we generateédl vs t dependences for a few
values of§; some of them are shown in Fig. 4. The curves
+0.082%; (**Nd)gn(**Nd) ] have characteristic Schottky-type maxima, the height of
=(5.30.7)x 10" 3 cm. V\{hich is uniquely determined bg‘? Experimentally, the spe-
cific heat reaches the maximum value of 0.398 Tat
The following values have been ustd? =2.19 K3. To reproduce this maximum valué,should be
(i) For #3Nd: natural abundance 12.18%=1:, b; taken equal to 4.3; the maximum is then reachedt at
=21.1(6)x 10 3 cm, gy=—0.3076; =2.79, Fig. 4. Thus,t=2.79 must correspond toT
(i) for “Nd: natural abundance 8.29%,=%, b; =2.19 K. This sets the coefficient of proportionality be-
=13(7)x 10 '3 cm, gny=0.190; tweenT andt, 6,/(k—1)=0.785 K. We can now plot the
(iii ) the other Nd isotopes all have=0. specific heat againsk, rather than againgt which simply

Negative g factors mean that nuclear spins of both means taking thé=4.3 curve from Fig. 4 and rescaling the
3Nd and '“™Nd are antiparallel to the corresponding abscissa by a factor of 0.785. The result is the continuous
nuclear magnetic moments and hencéip. curve in Fig. 5(to the right from the peagk
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FIG. 4. Dependence of the specific heat on dimensionless tem- T (K)
perature, calculated using parametric E@l) and (23) with 0.4
<0=0.99, for various fixed values af. FIG. 6. Calculated temperature dependence of paramstensl
72-

We choose the “model” Nel pointTy,=1.2 K, which is
slightly higher than the experimental value 1.05 KSuch
discrepancy is inherent in the mean-field approximation, ta
ing a smallerTy, would make the peak too tiny to see. For
the compromise valueT\,=1.2 K, the peak is shifted
slightly to the right but it is not too small as compared to the
experiment, so the overall agreement is bett€he corre-
sponding dimensionless ‘Mepoint isty=1.2/0.7851.52,
which means thady=0.975. This latter value can be readily
checked by substitution into E§23); the t(o) dependence
described thereby is monotonic. At the élgoint one can
simultaneously use equations derived Tor Ty, and those
for T<Tys,; thus, by virtue of Eq(30), 6=A/20, whereA
is given by Eq.(19) with 7, taken from Eq(26), and every-
where we setr= g . This enables us to evaluate

kyielded the following parameters$=4.3, 6,/(k—1)
=0.785 K, oy=0.975, =2.7 K.

On the other hand, we note in Fig. 5 and cufggin its
insert that belowTy, the mean-field model does not give
good account of the experimental data, essentially because
this simple model does not consider spin-wave excitations. It
is known that the spin-wave contribution for a three-
dimensional antiferromagnet 8/R=AT?, and indeed our
data may be fitted with the valud=0.16 K 3 [see inset,
curve (b)]. We have included in the ins¢turve (a)] the
expected hyperfine contribution calculated with the hyperfine
field H,;=1 MOe, the value found in the diffraction experi-
ment(see next sectigrand added it to the spin-wave contri-
bution. We see in Fig. () that the total predicted curve
0, 5 _ agrees with the data, within the experimental error. We note,
0= (——1 —— 1) =2.7K. however, that the uncertainty in the data is rather high at the

k=1 oy 0.975 lowest temperatures because the spin-lattice relaxation time
We can finally calculate the low-temperatufe<(Ty,) part  increases enprmously giving rise to a large scatter in the
of the specific-heat curve, Fig. 5, using E¢32) and (33,  Measured points.
whereo runs fromoy=0.975 to 1; the absolute temperature
T is obtained multlplylng: by 0=2.7 K. SUmmariZing, fit- B. Fitting the neutron diffraction data

ting the electronic contribution to the specific-heat data has We shall start with thg100) reflection, Fig. 1. WherT

>Tp2, the hyperfine contribution to the structure factor—the
second term in Eq.(36)—can be neglected, therefore,
F(100)= aef 9y 70- Within that range of temperature we are
thus left, apart from the obvious scaling factyy, with the
quantity »,, whose temperature variation is described para-
metrically by Egs.(23) and (26). Equation(26) contains a
yet unknown parameten, (the other parametet is not in
fact independent, sincey/xk=— 6= —4.3). Let us takeT’
=1.26 K andT"=14.6 K as two reference points. The two
corresponding points on thtescale are obtained by division
by 0.785:t'=1.605 andt”=18.6. Finally,s’=0.969 and
o"=0.216 are the respective values@fthose which yield

t’ andt” when substituted into Eq23). According to our
data, Fig. 1, the structure factéi(100) atT’ is 2.72 times

FIG. 5. Temperature dependence of the specific heat offeater than itis al”. Therefore, by virtue of E(26), o
NdFeQ; ¢ experiment, Ref. 20 experiment, Ref. 3: continuous + 70=2.72(c" + 770) or 1o=0.22. We also get immediately
curve—calculation, see the text. Ins@;low-temperature datda) k=—06/n9=—0.051, 9,=0.785< (k—1)=—0.825 K, and
Hyperfine contribution calculated witH,;=1 MOe, (b) spin-wave  7n=(on+ 70)/(1—k)=1.14. Then, vs T dependence is
contribution,(c) mean-field model! calculation. now fully determined, see Fig. 6. Then we platg gy 7,)?

=0.785%
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FIG. 7. Temperature dependence of (he0) peak intensity: the B
points are the experimental data; the lower continuous curve was FIG. 8. Comparison of the experimental values of van Vleck

calculated without the hyperfine contributitine first term of Eq. - . . -
(36) only]: the upper continuous curve was calculated using thesusceptlblllty for NdFe@ and DyFeQ perovskites with the esti

complete Eq/(36). mated dependence on the inverse of the energygdpee text
With the value of the hyperfine field now established,
against temperature and compare it with experimental datad;=1.0 MOe, it can be finally verified that the argument of
The best agreement is achieved wgth= 1.6 (lower continu-  the Brillouin function in Eq.(35) is 0.56 at the mostfor
ous curve in Fig. Y. 143\d atT=70 mK). This justifies the expansion of the Bril-

Let us now consider thé10 reflection, Fig. 3. Accord- louin function in Eq.(36) and the use of Eq(39), whose
ing to Eq. (37), the structure factoF(010) depends upon validity is subject to the same condition.
just one adjustable parameter, the hyperfine fig|d; the One can establish a direct correspondence between pa-
best agreement with experiment was obtained forametersé and 6, of this work and the exchange integral
Hp=1.0=0.15 MOe, the solid curve in Fig. 3The large J=-0.883) K found in Ref. 2. Namely,#=2.7 K~ —3J
error in Hy; comes from our poor knowledge dafy of =2.64(9) K andf,=—0.825 K—J=—-0.88(3) K, i.e., the
145Nd.) We finally substitute this value dfi; into Eq.(38)  values of our parameters practically coincide with those of
and plot the resultingF (100)|? across the whole range of their counterparts from Ref. 2 and even though in this work
temperature(Fig. 7, the upper continuous lineWe thus 6 and 6, are regarded as independent their rafi,~
have found the following values for the adjustable param— 3.3 does not happen to differ much from3, as was im-
eters of the modeld=2.7 K, §=-0.825 K,H¢,=66 kOe, posed in Ref. 2. The values gfugHex are also close: 7.1 K
xvw=4.2x10"%, g,=1.6, Hy=1.0 MOe. in this work and 6.8 K in Ref. 2.

The overall magnetic moment of Nd &t=1.5 K (where
7,=1.12, Fig. § is oriented along thd axis and equals
720y/2=0.9 (ug). This value agrees well with what was

It can be inferred from Figs. 3, 5, and 7 that, with the earlier obtained in powder neutron diffraction experiméfits,
above parameters, our model gives a fair account for both thg,(Nd)=0.92(7) ug . However, the authors of Ref. 19 also
specific-heat and the neutron diffraction data under considreport to have detected at=1.5 K a considerablg compo-
eration. The salient feature of the model is its allowance fonent of the Nd momengk,(Nd)=0.68 ug, which our model
Van Vleck susceptibility. The value that we foung,,  assumes negligibly small. Our point of view can be sup-
=4.2x10"%, can be compared with the low-temperatureported by the following simple consideration. Spontaneous
susceptibility of DyFe@ along thec axis?® 2.4x10°3, magnetization of polycrystalline NdFgQvas found to be
which has purely Van Vleck origin due to the special char-~0.05ug/f.u. atT=1.3 K (Ref. 25, so for a single crystal
acter of the ground state of Dy. Due to the low symmetry ofthis value should be about twice as big, i.€.0.1 ug/f.u.
the rare-earth site in the orthoferrites, the wave functionshis magnetization is oriented along theaxis and consists
corresponding to the crystal-field levels are generally unof negative iron contribution (associated with F,)
known and exact evaluation gf,\, appears at present im- ~0.05 ug/f.u. [independent of temperature and equal to that
possible. A very crude estimation can be given assuming thdor LaFeQ, (Ref. 26] and positive Nd contributiorfassoci-
at low temperatures only the ground Kramers doublet isated withf,), which thus appears to be0.15 ug/f.u. atT
populated and that under magnetic field it mixes with the=1.3 K. Therefore, aT=1.5 K u,(Nd) should be less than
first excited doublet only. Adopting the “typical” value 0.15ug and it can be neglected. The reason of the errone-
(J/2) g for the matrix element between the ground and thepusly largeu,(Nd) in Ref. 19, is not clear at present.
first excited doublets we ge@vva,uéJz/AfW, whereW is The Zeeman component of the Nd momeritatl.5 K is
the energy gap separating the doublgw=122K for  0g,/2=0.75 (ug), i.e., the specific weight of the Van Vleck
NdFeQ (Ref. 21 and 75 K for DyFeQ@ (Ref. 24]. Despite  contribution is about 17%. However, this specific weight
its roughness, this estimate predigtsy surprisingly well,  grows rapidly with temperature; d&t=6 K it is already as
see Fig. 8. high as 30%. The Van Vleck contribution to the Nd moments

VI. DISCUSSION
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thus appears quite important for quantitative description of 4
the neutron diffraction peak intensities. However, it does not
enter Eq.(20) for the magnetic entropgwhich depends only 2 )
on the Zeeman component of the polarizati®nand hence 3 %
does not affect the specific heat. For that reason the specific- s
heat data alone were successfully described in Ref. 2 disre- - ,
garding the Van Vleck susceptibility. . P

The low-temperature electronic magnetic moment of Nd = 2 i
mng= 0.9 wp is presented in Fig. 8 against the hyperfine field ,
on NdH;=1.0 MOe. This moment appears greatly reduced 1 7
in comparison with the free-ion value 3.2 . This is char- 1r +F 1
acteristic of oxides, where the ground state of the rare earth %
is formed by the strong crystal field to be peculiar to each ,
individual compound, for example,ung=21.3 ug in 0 : : :
NdCrO, (Ref. 27 and upg= 2.8 ug in NdScQ;,. 3 0 1 2 3 4

A distinct situation takes place ind3-4f intermetallics th(MOe)
rich in the A element: here thedBsubsystem is a ferromag-
netic producing a strong exchange field acting on the rare FIG. 9. Electronic moment against hyperfine field on N
earth and making its ground state nearly pldé1), M NdFeQ,, this work; (2) Nd intermetallic compounds. The ordinate
=J, so that the magnetic moment is close to its free-iorPf POt 2 is the free-ion valuguyg=3.27 ug ; the horizontal error
valueg;Jug . In line with that, the hyperfine fields on Nd in bar covers the interval with the following experlmenFaI data points:
such compounds(determined by NMI%S'Z% show little H,=3.53 MOe for NdFe;; and 3.47 _MOfe for NdRgTi (Ref. 29,
variety—they all fall within a narrow interval between 3.45 3-45 and 3.60 MQe for the two Nd sites in B (Ref. 28, 3.59
and 3.60 MOg(see Fig. 9. (The alloy Ng, ;Gdy o studied in ~ MO€ or Ntb1Geho (Ref. 30.

Ref. 30 belongs to this group of compounds Iddowever, highly unlikely in these antiferromagnetic materials.

our results provide evidence in favor of the universal propor- o X . .
P brop The only admissible magnetic configurations of Nd are

tionality between the electronic magnetic moment and th(%h N i@ e—T-  but th |
hyperfine field on Nd, see Fig. 9. e noncentrosymmetrid's—I'g, but among them only

Unfortunately, we are unable to include in this analysisr5(g><ay) andI's(a,0,) are likely to take place in NdFeO

they occur in other orthoferrit¥sas well as in isostruc-
the data on NdGag(Ref. 16 and NgCuQ, (Ref. 31, where as 23 .
polarization of Nd nuclear moments was observed as wellt,ural NdScQ and NdIn@.™ One could not conceivably ob-

because those data were given in arbitrary units. The value ofrve refleptions produced by the mogesince all of the”?
gare superimposed by much stronger nuclear reflections.

31 deduced from their own data cannot be relied upon eitherThus' the' only.way to advance by means Of. singlejcrystal
becausdi) a factor| =2 is missing in their Eq(5), (i) the neutron diffraction would be to look for th®01) line, which
fitting procedure employed in Ref. 31 was ill defined. Chat-M& be produced by modeg(I's) or ay (1'). It shou_ld be_
topadhyay and SiemensmeSeregarded “const.” andy, as noted, however, that the powder neutron diffraction
independent parameters in the expression Consgxperlment%‘) failed to detect thé001) peak.

[B(aol/T)]?, which in their experimental conditions was Ndllg co_ncl_usic;lni_ktr}% tyg(i’: magrneticlzt orgering t.Of Nd in
practically equal to consi3l?/T? and thus essentially de- eQ is in all likelihood I's or Ig. lts observation in a

pended only on the product of “const.” araﬁ. The value of single-crystal neutron diffraction experiment, presents a dif-

“const.” was discarded, whereag, alone is worth little. ficult task.

In regards to the symmetry of the Nd subsystem in the
ordered phase, from.the outset the possml!ny of it bdihg ACKNOWLEDGMENTS
was out of the question since the symmetries of the Nd and
Fe subsystems must be different. On the basis of our data we J.B. and E.P. thank the EU Training and Mobility of Re-
can now also eliminate the modeg(I';) andc,(I'3). In-  searchers Programme for financial aid in performing the ex-
deed, if one of them were present, it would add toperiments atthe Hahn-Meitner-Institut BENSC Reactor. This
|[FM(010)|? a contribution proportional ta;?(T), i.e., prac-  work was supported by the MAT93/240/C04 CICYT Project.
tically constant below 0.5 K, and equal to 0.035 b. Figure 3.S. and R.P. thank the EU for support through the pro-
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fy(I's) and f(I'y) modes should be rejected too, as beingence for their financial support.
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