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Induced and cooperative order of Nd ions in NdNiO 4
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Low-temperature specific heat measurements on NgNiddence the onset of Nd cooperative
ordering atTy,=0.77 K. Because of the particular arrangement of the Ni magnetic moments, half
of the Nd ions have an antiferromagnetically compensated environment while the other half have a
noncompensated one. We show that both types of Nd ions are affected by a different but
non-negligible Nd—Ni exchange field, in contrast with the current model used in literatuZ000
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RMOj; are model systems to investigate the interactiondy a “strong” Ni—Nd exchange fieldand a pure paramag-
between the two types of magnetic atorfi®=rare earth, netic state of Nd in Bplanes(free moments under a negli-
M=3d or 4d meta). It has been shown in NdMCsystem$  gible Ni-Nd field. The whole magnetic structure was re-
that when Nd—Nd interaction is in isolation, i.e., M is dia- fined with this hypothesis as a function of temperafuiftne
magnetic, Nd orders &ty~1 K. The introduction of a mag- ordered Nd moment on Blayers follow, after Ref. 4, a
netic 31 transition metal leads to magnetic ordering of the MLangevin function governed by an exchange fieg,
sublattice affy;, which ranges from-700 K for NdFeQto ~ =2.5(2) T, while the Nd moments on°Bplanes are fully
~200 K for NdCrQ, and NdNiQ,. Below Ty, the M sub-  unpolarized till T=1.5 K (H2 ~0). The analysis of muon-
lattice polarizes the Nd sublattice, with the same symmetngpin-relaxation(MSR) experiments confirmed, after Gaaci
as the M magnetic order, as seen clearly by neutron diffracMunoz et al,” this peculiar Nd arrangement. Independent
tion. This M—Nd polarization splits the Nd ground doublet neutron diffraction experiments have been analyzed within
reducing the magnetic entropy available for cooperative orthe same framework in the range<30<0.2 K® A sharp
dering. Thus, Nd cooperative ordering appears in somécrease of the intensity due to Nd is observed at 0.2 K,
cases, as in NdFeg while it is fully inhibited in others, as which was attributed either to the onset of Nd—Nd interac-
in NdCrO;,* depending on the relative intensity of Nd—M tions or to the hyperfine enhancement of the neutron
and Nd—Nd interactions. reflections’

NdNiO; is a rather peculiar case. Ni moments order at  H_ . is similar to other published values for Nd—M in-

exc
Tn1=200 K, at which a metal—insulator transition takesteraction: HY-F®=0.9 T in NdFeQ (Ref. 8 and HY4-C

) . exc exc
place} Ty_;=Ty:. An orbital superlattice has been de- =11.5(3) T in NdCrQ.2 It has to be emphasized that in
scribed to set in below that temperature for the occupation oNdFeQ, and NdCrQ, Nd occupycompensatechagnetic en-
the d Ni states, giving rise to a very unusual antiferromag-vironments, and despite that, Nd—M exchange fields are
netic structuré. It can be described as alternating layers per-similar or even quite higher than that assumed to correspond

pendicular to[001] (ATATATATATAT--). Ni magnetic  to uncompensatedld ions in NdNiQ, The comparison ren-
moments are almost parallel to tlaeaxes. Within an A ders unlikely theH2,~0 value for B Nd.

layer, the Ni moments forming rows parallel to thexes are The temperature dependence of the Nd induced ordering
ferromagnetic, in such a way thatiat ——++--- antiferro- - optained from the neutron diffraction analysis allows us to
magnetic array is formed along tiaeaxes direction. Finally, calculate the entropy and specific heat associated to each Nd
|n+A layers all Ni spins are mvert_ed with respect to those insypsystem. If 8 Nd ions are actually unpolarized, its mag-

A" ones. The magnetic unit cell is composed of fBlmM  netic entropy is constarft(R/2) In(2)], thus, not contributing
cells. This alternated structure induces the existence of twg, the specific heat. The entropy of Bid ions would be that

Nd sites with respect to its “magnetic environment.” Each of 4 paramagnet under a constant field and the corresponding
Nd ion is placed approximately at the center of a cube of lepecific heat is a Schottky curve.

ions. Those occupying a site betweeri And A™ planes Figure 1 shows our low-temperature specific heat mea-
have an antiferromagnetic environmeffour parallel and g rements on NdNiQ Two different samples were mea-
four antiparallel Ni neighbors, labeled Bld layers. In con- sured at ICMA, Zaragoza (0.25T<4 K, “O”) and the
trast, those Nd ions placed between two for two A”) Ni'  Kamerlingh Onnes Laboratoriur(KOL), Leiden (0.0% T
planes have an uncompensated magnetic environfsent 5 5 Kk “x). Both curves agree within the experimental
parallel and two antiparallel Ni neighbors;"BNd layers. It error, as shown in the figure.

has been proposed that this superstructure provokes induced The |attice contribution, estimated from measurements
magnetic order in B Nd layers(paramagnetic planes acted on LaNiO; and LaGaQ (Ref. 9 is orders of magnitude
smaller that the magnetic contribution below=4 K and
dElectronic mail: bartolom@posta.unizar.es will be neglected. The measured specific heat cuB/ere-
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FIG. 1. Left scale: Experiment&D,x) and calculated from Ref. &hin full
line) specific heat of NdNi@ Right scale: Magnetic entropy of NdNi@s FIG. 2. High resolution INS spectrum. The Nd Zeeman excitation peaks are
calculated from ouC data(thick dotted ling and from Ref. 4(thin dashed = marked by arrows. The feature at 0.24 meV is a spurious diffraction peak
line). from the monocromator. The full-scale spectrum is also shown.

esis of an unpolarized Nd sublattice since it should have

sents a broad Schottky-like maximum, wiih,,, between A%—0

1.5 and 2 K, a smalk peak at 0.77 K, and a plateau below The C(T) dependence of NdNigis similar to that of

0.2K, pro.bably related with a hypefine contrlbutﬁoﬁrom NdFeQ, In a recent paper we developed a mean field nfodel
the experimental curve we can calculate the magnetic en-

S . . including Nd—Fe and Nd—Nd interactions for equivalent Nd
tropy, also shown in Fig. {thick dotted curve, right scale . . . o .
e . . . . ions, which describe the specific heat and the neutron dif-
The specific heatthin full line) and its corresponding en-

. . fracted intensities due to Nd—Fe polarization above and be-
tropy (thin dashed lingcalculated from the results of Ref. 4 kﬁvsv Ty, in NdFeQ, However, the model has to be modified
0

are represented in the same scales as the experimental res o .
in Fig. 1. This figure evidences a total disagreement betweeltrl1 quantitatively reproduce the NdNAQ curve, by assum

the model assumed from neutron diffraction refinenfeatsl 2 that half of the Nd ions are acted by a greater Nd-Ni
the experiment. From the experimen@(T) curve, it is de- exchange field than the other half. One has to take into ac-

rived that S(T=4 K)=0.632)R. representing 91% of the count that belowT ;, thePbnmsymmetry breaks down and

. T the unit cell includes 16 Ni and 16 Nd ions. Then, a base of
magnetic entropy of th&holeNd system. This indicates that _ . .
o . . spin operators has 16 magnetic modes for Ni and 16 more for
everyNd ion is (partially) polarized belas 4 K and not only

one half of them. This rules out the magnetic structure Ia—(NBd' ,Le,tv'u~s denotlezll\l%hthel\l_mﬁ(jje ml V\.'hlc.h N ord.ershaftl\(lac;
beled “model 1" in Ref. 4, at least in the nontrivial result arca Murozet al.” The Ni-Nd polarization acts in the

that Nd ““B®’ ordered magnetic moment would vanish. In- 10ns with the same symmetry &, belonging to the same
deed, the peak observed @(T) at Ty,=0.77 K evidences T€P of the magnetic group. We will denotg the Nd mode

the onset of cooperative magnetic ordering of the whole NfUe t0 Nd—Ni exchange. The experimer[T) curve evi-
subsystem. dences a true phase transitionTa,=0.77 K. This implies

The Zeeman splitting by the Nd—Ni exchange field of that thg Nd—Nd.interactlion favors a magqetic arrangement
the Nd ground doublet at the’&nd B sites can be directly °€longing to a different irep of the magnetic group thgn
probed by high-resolution inelastic neutron scattefings). 1 ne corresponding spin operator will be denotgdvhose
We performed an INS experiment at the IRIS spectrometefX@ct form is not yet known. S
of the ISIS facility, the British spallation neutron source. The "€ mean-field Hamiltonian for the Nd ions is
INS spectrum recorded on 2.5 g of powdered NdN&D T ~ ~ R
=2 K is shown in Fig. 2. Two distinct excitation channels ~ H= —20cpf —20,v0,— gyupHexdlx— 20.p%— 260,17,
are observed, at°=0.35 meV(4.1 K) andA* =0.46 meV @

(5.2 K), where the notation of Ref. 4 is maintained. It is

important to note the similar INS experiments yielded singleVhere the first and second terms describe the Nd—-Nd ex-
excitation peaks on NdFedRef. 10 (ANYFe=57 K) and change in cooperative and .polanzed modes,. with exchange
NdCrO; (Ref. 11 (ANC'=27 K). In those cases, the INS constantsg, and 6, respeqtlvely. The mgan-fleld order pa-
excitation energies are in excellent agreement with the Sp”t[arlngters for thel cooperative and polarized modespare

ting calculated from the Schottky curves observed in specific” 2(F) andv=—3(n,). The third term is the Nd—Ni Zeeman
heat measuremertsOur INS experiment experimentally (€M, With He,e depending on the Nd site. The two later
evidences the magnetic polarization of both Nd subsystem&'Ms are mean-fleld+self-mgeracnon corrections.

by Nd—Ni interaction, in accord with the entropy consider-  |f Oné imposesHe, > He,o the free energy splits into

ations developed earlier. Moreover, it rules out the hypothtwo,
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wherea="** ="' or “0” and

CR)

A*=\(260p)2+ (gxupH &+ 26,v)? (3)

is the exchange splitting of the Rid ground doublet. By
minimizing F¢ with respect top, and v,, one gets the
characteristic equations

20, A®
P:PFtanhﬁ, (4)

gxMBngc+26pV ’_(Aa>
y=—1an .

A 2T

C[®R)

2T ®
Two distinct situations are possible for the Nd system

from the solutions of these two equations: a paramagnetic

phase, with existence of polarization but not cooperative or-

der (0=0), and a polarizednd cooperatively ordered phase 0 1 2 3 4

(p#0). The entropy of the Nd system can be calculated TK)

fr(_)m Eq. (2)' and the spgc!flc heat. is easily computable fromFIG. 3. Specific heat datéD) compared with the best fit obtained with the

this equation by numeric |ntegrat|6n. mean field model. Upper panel: Optimized fit of the calorimetric data.
We dispose of four parameters to fit the specific heatLower panel: Compromise best fit including the INS andA° data in the

0c, 6p, Hao andHS,. The valued.=0.8 K has been well fitting procedure.

determined in NdGa§'? where Nd—Nd interaction is iso-

lated. 6,=0.2 K was determined in NdFeQthough the an- 55y sjs of the low-temperature neutron diffraction and MSR

isotropy of the Nd—Nd exchange would be quite different inga¢4'is gue to achieve a full understanding of the phenom-
NdNiOz). With the exchange constants fixed to that Value’enology.

the best fit for the specific heat is shown in the upper panel of
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