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The specific heat of NdCrQin the thermal range from 0.3 to 300 K is presented. The magnetic ordering of
Cr ions atTy=219*+1 K is observed, as well as the spin reorientation transit®RT) at Tgg=34.2
+0.5 K. The specific heat of the isostructural nonmagnetic compound LaBabeen subtracted, allowing
us to separate and quantify the different magnetic contributions to the specific heat in Nd@eldexchange
coupling constant for the Cr-Cr interaction is found to |8g,|/kg=21.77) K. The fitting of the Schottky
contribution from the thermal depopulation of the Nd',, ground multiplet allows us to propose a crystal-
field energy-level scheme which is in agreement with the available neutron-scattering spectral lines. The
intensity of the Nd-Cr magnetic interaction is obtained. Finally, we show that the strength of the Nd-Cr
interaction in this compound is of the same order of magnitude as that found in other Nd orthoperovskites,
namely, in NdFe@, despite the different Zeeman splitting of the Nd ground doublet in both compounds.

. INTRODUCTION presents the same, magnetic structure as NdGaQ
) _ _ NdScG, and NdInQ order in a different magnetic mode
Rare-earth oxide compounds with perovskite structure arg a. (magnetic modes are given in Bertaut's notafjoithe
receiving renewed attention in connection with the discovery,ystitution ofvi by a magnetic @ transition metal, such as
of high-T, superconductivity and, more recently, coIossaI,:e, Ni, or, Cr leads to magnetic ordering of thlesublattice
magnetoresistance. It is quite remarkable that these comy high temperature, namel§f,;=690, 200, and 220 K,
pounds, which almost all have a rather simple structuse-  egpectively. BelowTy; the M sublattice magnetization in-
ally orthorhombig, provide a rich variety of electronic and ,ces an effective magnetic field on the Nd sublattice due to
magnetic phenomena depending on the atoms involved, thg Ngav interaction,H gy » Which tends to polarize it in a
interatomic distances and the bonding strength. In particulayqfinite magnetic mode, compatible with the order! as
RMO; are model systems to investigate the interactions be(:learly observed by neutron diffraction in NdFg®
tween the two types of mag_netic atprrRis arare ear_th, and NdNi03,9 and Nder_lo This effect is observable in heat-
M a 3d or 4d meta). Those interactions follow the hierarchy canacity measurements since it splits the ground doublet of
of M-M, M-R, andR-R in descending order according t0 e NF+ ion, giving rise to a Schottky anomaty! The Nd
their strength. The Nd O family attracted our attention be- \,oments thus behave as a paramagnetic system (stag-
cause it has a wide range bf magnetic and nonmagnetic gered internal field. However, at a sufficiently low tempera-
substitution with the same structurspace groupDig).  ture, the weak Nd-Nd interaction may show that the Nd sub-
Nd®* ions occupy a low-symmetry position, and ifse, |attice actually undergoes a long-range cooperative ordering
ground multiplet is fully split into five Kramers doublets by transition, as evidenced by a smallpeak atTy,~1 K su-
the Cs-m low-symmetry crystal field. Moreover, each dou- perimposed on the Schottky anomaly in Ndke@nd
blet is split by the Zeeman effect due to the internal fieldNdNiO.2 Finding aTy, similar in value to that found in the
Hndom - M nonmagnetic substitutions allows us to conclude that the
In some previous studies, Nd-Nd interaction was assumebd-Nd interaction is of similar intensity throughout the
to be so weak that the collective magnetic ordering of the Ndvhole series of N O; compounds.
sublattice was regarded as impossiblewas a surprise to In contrast to Fe and Ni compounds, hopeak is ob-
find that NdGaQ@, where the Nd-Nd interaction is in isola- served in the specific heat of NdCyOand the Schottky
tion, indeed orders magnetically aty=1.05K, as evi- maximum appears at a higher temperaturell K in the
denced by a sharp lambda anomaly in its specific heater ~ chromité? instead of~2.2 K in the ferrite and niquelate
we observed similar ordering temperatures in NdgoO We could rationalize these differences by means of a mean-
(where Co ions are in low-spin non-magnetic stdte field model which predicts that when the ratio of intensities
NdScQ,*® and NdInQ.*® We found that while NdCo® of Nd-M and Nd-Nd interactions is larger than a certain
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critical value the cooperative order of the Nd system is 14
inhibited® One concludes that a relatively strong effective 1 NdCrO
M-R interaction is present in the NdCs§@ompound. This is 12 r ™
unexpected, since the rather IdW sublattice ordering tem-
perature implies thaM-M interaction is lower than that in 10 1 4 o LaGaO
NdFeQ,. Such a intriguing behavior turns NdCy@nto an Y L 3
interesting system. 3 N
The Cr spins order in NdCrQat Ty; =220 K(Ref. 12 in O gl
an antiferromagneti&,F, (I',) mode. The Cr magnetic mo-
ments undergo a spin reorientation transiti®@RT) to the 4t
Gy (I'y modg at Tggr=35.1K. Neutron-diffraction
measurement$ allowed us to conclude that Nd-Cr interac- 2 |
tion was able to polarize the Nd sublattice at temperatures

below Tgr, giving rise to the above-mentioned Schottky 0 ' ' : : !
anomaly. In spite of an improper correction for the lattice 50 100 150 200 250 300
contribution to the specific heat, the splitting of theNid T &)

ground doublet was found to b&g/kg=27 KA more FIG. 1. Specific-heat curves of NdCs@symbols and LaGaQ@
quantltatlve3 ﬁpproach was attempted by Hornreich anjne) The upper inset shows NdCi@pecific heat on a double-log
co-workers,>** who performed, among other EXPeriments, scale. The hyperfine contribution becomes evident in Nd@e
optical spectroscopy measurements on NdCa®a function  |ow T=1 K. The lower inset show the same data on a linear scale,
of temperature. Their results show a Zeeman splitting of thevidencing the spin reorientation transition peak and the low-
Nd®* ground doublet ofA4/kg=25.9 K at 34 K, undergoing temperature Schottky hump.
a discontinuous drop ta,/kg=23.6 K when heating just
aboveTsgr. With these values, the magnetic specific heatcalorimetet” refrigerated by adiabatic demagnetization of a
due to the ground doublet alone was predicted below paramagnetic salf'® using the heat-pulse technique and
<50 K. The unavailability of experimental data above 20 K, germanium thermometry in the whole temperature range.
on the one hand, and the lack of a proper determination ofhe absolute accuracy of the instrument has been estimated
other contributions to the specific heat, on the other hando be about 1%. The calorimetric data between 4 and 275 K
(lattice, excited Nd doublets, and spin waves of the Cr syswere obtained in a commercial Sinku-Riko ac calorimeter.
tem), avoided a comparison with experiment. Such a com-The relative values obtained by this technique have a preci-
parison is one of the objectives of the present work. sion of 0.1%. They were scaled to the absolute values mea-
The energy of the first excited doublet was also opticallysured with a DSC7 Perkin Elmer calorimeter from 100 K up
measured aE./kg=114+7 K.*3*Later, Shamiret al. de-  to room temperature.

terminedA 4 /kg=28 K andE./kg=127 K by inelastic neu- NdCrO; and LaGaQ@ powder samples were obtained by
tron scattering at 4.2 K The line centered &, was too  sintering a mixture of the binary oxides. For the low-
wide to observe the splitting . of the excited doublet. temperature experiment about 0.5 g of NdgmZere mixed

Hornreich et al. proposed® that Ay is mainly due to with Apiezon N grease to achieve a good thermal contact
Nd-Cr interaction abov@ g1, while below that temperature even at the lowest temperatures between the sample and the
Nd-Nd interaction becomes significant, originating the afore-calorimetric setheater and thermomejeio perform the ac
mentioned discontinuous behavior ®f . However, our sys- calorimetric measurements, we profited of a single crystal of
tematic study of N O; oxides has shown that Nd-Nd in- NdCrGO;, kindly provided by A. M. Kadomtseva, to measure
teraction is very weak, |Jy4/kg=~0.8 K, inducing in the range of temperatures 4 KT<300 K. For the
appreciable changes iy, only below ~5 K. Moreover, it LaGaQ measurements, a thin pellet 610 mg of pow-
has been stated that Nd-Cr interaction is extremely strong idered sample was prepared.

NdCr0,**16 compared to other rare-earth—transition-metal

couplings in orthoperovskites. _ Ill. EXPERIMENTAL RESULTS
Our goal with this work is to perform a complete calori-
metric investigation of NdCrg studying the different con- The experimental specific heat curves of Ndgr@nd

tributions to the specific heat. This will allow us to test the LaGaGQ, are presented in Fig. 1. NdCg@ata range between
cited prediction as well as to study the strength of the Nd-Ci0.25 and 300 K, while LaGaQdata are shown only above
interaction. To separate the several contributions to the spé&-2 K for clarity. The upper inset of Fig. 1 shows the lowest-
cific heat of NdCrQ (magnetic contributions due to the®Cr  temperature region in a double-log plot. The increas€ of
system, thermal depopulation of the split levels of Nd,)etc. for decreasing temperature belol K reveals the high-
we have measured the specific heat of the isostructural, notemperature tail of the hyperfine contribution from Nd, al-
magnetic LaGa@ compound in a wide range of tempera- ready observed in NdGaG3% The data belowT =40 K
tures. are shown in the lower inset of Fig. 1 on a linear scale. In
this plot, the small peak due to the spin reorientation transi-
tion taking place af =34 K is clearly visible.

In order to evaluate the magnetic contributions to the

The specific-heat measurements in the range 0.8 K  NdCrG; specific heat, we have calculated the difference spe-
< 6 K were performed in a fully automated quasiadiabaticcific heat curves by subtraction of the nonmagnetic LagaO

Il. EXPERIMENTAL DETAILS
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system of Nd nuclear spins contributes to the specific heat in
the form of a weighted Schottky curve due to the thermal
depopulation of the eight equally spaced levldth split-

: ting Ay¢). The electronic contribution can be described be-
H low ~12 K by a two-level Schottky curve, becau
! >E,, so it allows one to treat the ground doublet as isolated.

The fitting of the available data to the sum of those two
contributions  yields Ap¢/kg=0.022(5) K and Ay/kg
=27.1 K. The same high-temperature approximation used
for the magnetization Brillouin function may be applied to
the hyperfine high-temperature specific heat,

2 2
0 L L L 1 L _ Iu’efthf

0 50 100 150 200 250 300 Cni/R= 3272 @
T (K)

. - . and the best fit of the data to this power law yielts;/R
FIG. 2. Magnetic specific heat of NACO Cr,. The inset  — 4 g(5)x 10~ 4T~ 2. The fitted curves are shown in the inset
shows the same data on a doubl_e-lo_g scale. The fitted hypénfine ¢ Fig. 2 as dashed lines, labeled hf agffor the hyperfine
and two-level Schottkys2) contributions are also shown. and electronic contributions, respectively, and their sum is
shown as a full line. The fit of the hyperfine contribution

after scaling by a Lindemann factorof 1.036 the tempera-  gjlows one, through Eql) to determine the Nd hyperfine
ture of the experimental curves of LaGaQrhis correction fig|d in NdCrO;, Hp¢=2.1(2) M Oe.

to the lattice contribution takes account of the difference in
mass of the Nd and Cr atoms respect to the La and Ga atoms.
The resulting curve, shown in Fig. 2, is the magnetic specific
heat, which will be referred a§,, (NdCrG; is an insulator To separate the Nd and Cr contributionsdg is a com-
in the whole temperature range, thus no electronic contribuplicated task. However, a separation of the different contri-
tion to the specific heat needs to be consideréd previ-  butions is possible following a step-by-step process. At the
ously, the inset shows the same data in a double-log scalend, the total entropy content provides a method to ensure
allowing one to appreciate the details of the curve in thethe soundness of the procedure.
low-temperature region. A direct inspection of the curve evi- As already stated, the rounded maximum &f,
dences the presence of four main contributions or features:= 11.5(5) K is predominantly due to the two-level Schottky
the hyperfine contribution below 1 K, the electronic Schottkycurve caused by the split Nd ground doublet. Its fit is the first
contribution from thermal depopulation of the groufih,,  step of the procedure, which immediately gives the energy
multiplet of Nd betwea 2 K up to thehigher temperatures, splitting Ay/kg=27.15(8) K, in excellent agreement with
the spin reorientation peak dt=34.2£0.5 K, and thex neutron inelastic experimenta8 K).'° OnceA is fixed, our
peak due to antiferromagnetic ordering of the Cr magnetisecond step only involves,,, below T=30 K, which can be
moments §=3/2) centered al=219+1 K. well described by a Schottky curve considering just two Nd
doublets, split byA ; andA,, with their centers separated by
the energyE,.

The results of this analysis are depicted in Fig. 3, where

At very low temperaturesC,, can be well described by ¢, below 30 K is compared with the calculated two-doublet
the addition of two contributions;,,= Cp¢+ Csen: the high-  Schottky contribution obtained with different values B§
temperature tail of the theoretical hyperfme contribution,andA,. In each cased,/kg has been fixed to 27.15 K, as
Cys, originated by the nonzero magnetic momentsBNd,  determined above. Three values reported in the literature for
YNd, and**Cr nuclei, summed to the low-temperature partg_/k, (see Sec.)lhave been used in the three panels: 97 K
of the electronic Schottky contributiolGsc,. The nuclear  (top), 114 K (medium), and 127 K(low). Within each panel,
spin of *3Nd and "*Nd is | =7/2 in both cases, with 12.2% curvesa, b, andc are calculated with\ . /kg=0, 27, and 50

and 8.3% natural abundance respectively, white3/2 for K, respectivelyA,=0 corresponds to an unsplit first excited
53Cr with 9.5% natural abundance. One can calculate theloublet, A./kg=27 K was the result obtained from the
mean square of the effective nuclear moment for the nathainaIysis of Ref. 13, and/kg=50 K has been included to
abundance of the active isotopes of Cr and N@H, yield-  evidence the change induced by a lafygin Cg.,. TWO
ing 0.22%2 for Nd and 0.03&2 for Cr. With these effec- conclusions can be derived from the analysis of Fig(&B:
tive nuclear moments one can conclude that the Cr hyperfinthe only curves compatible witlC,, are a and b with
contribution is about one order of magnitude smaller than thé=./kg=127 K, in very good agreement with neutron scat-
Nd one, and comparable to the dispersion in the data below tering experiments by Shamat al'®, and (b) the curves
K. Thus only the Nd contribution is taken into account in thewith A./kg=0 and 27 K are very similar, especially for
calculation ofC, ;. Within this approximation, the hyperfine larger values oE.. This reflects the rather poor sensibility
field on Nd,H¢, can be calculated. The estimated error inof the specific heat td\., as far as it remains small with
Hp¢ due to neglecting the Cr contribution is smaller than therespect toE.. In fact, curvesa and b, with E./kg=127
uncertainty from systematic and statistical errors. The subsatisfactorily reproduceC,, below 20 K, where higher-

B. Contributions below Ty,

A. Hyperfine contribution
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T curve from Nd*l o, (dotted ling and the magnonic specific heat of
g r the Cr subsystenidashed ling The crystal-field energies derived
© 02 L from the fit is shown in the scheme. For the sake of clarity, only one
| half of the data is shown.
°; P 0 s 20 ’s w0  tally in other Nd oxides, such as NdF§® [Ej/kg

T (K) =255(20) K andE,/kg=520(20) K], NdGaQ (Refs. 4
. and 20 (E;/kg=260 K andE,/kg=615 K), and NdNiQ
FIG. 3. Results of the analysis @, below 30 K, where the Ref. 26 (E;/kg=220 K andE, /kg =650 K). Figure 4 also
experimental data are compared with the calculated two-doubl hows separatel@s.,, (dotted lin@ andCy,, (dashed ling A
Cc sSwW

Schottky contribution obtained with different values Et_,_ and scheme in Fig. 4 summarizes the Nd energy levels originat-
A. (a, b, andc curves of each panelSee the text for details. .
ing the calculategp.

energy levels do not appreciably contribute to the specific

heat. AsA./kg=27=3 K is an experimental restiftand its C. Specific heat of the Cr subsystem

influence in the analysis &€, is almost negligible, we de-  Since the C¥" ions form a slightly distorted simple cubic
cided to keep it as a constant in our subsequent fitting promagnetic lattice 06=3/2 spins, a simplified model could be
cedure. used to calculate the Cr-Cr interaction exchange constant

The third step takes into account the contributions fromfrom the magnonic specific heaf,. To do so we have
the three higher Nd doublets, as well as the magnetic contrigsed the expression f@@;,, at moderately low temperatures
bution from the Cr subsystem. In order to reduce the numbefor antiferromagnetic magnons in a s.c. lattice with
of free parameters, we have kept fixed the energy of the fiftiieisenberg-like interactiorfé. This approach only takes into
doublet,Es, which should be similar to that of the Ritiion  account the isotropic interaction, neglecting the antisymmet-
in NdGaQ,, Es/ks=784 K.***This value is also very simi- ric and anisotropic terms, but, on one hand, it should give a
lar to that found in a wide group of Nd oxidé$Moreover,  reasonable value for the order of magnitude of the Cr-Cr
in the temperature range of intere3t<300 K, C,, is not  exchange and, on the other, the expressiorCigrin a more
sensitive to changes @s. detailed model is not available, to our knowledge. The nu-

Next we have considered the contribution of the Cr-merical expressidi?® for the specific heat within this de-
ordered sublattice up te-150 K. This is due to antiferro- gree of approximation is
magnetic spin-wave excitations in a three-dimensional mag-
netic lattice, which is known to follow @2 law.>* We have gT |3
then fittedC,,, up to 150 K, considering two additive contri- CswlR:l?’j( 1233) ' @)
butions: a Schottky curv€s., due to the five Nd Kramers
doublets, with onlyE; andE, as free parameters, plus the which allows us to extract the valudg}|/kg=22.4(5) K
C.w/R=ag,T® term. Therefore, the excited doublets arefrom the best fit given above fdZy,,.
treated as being unsplit Byyq4.c, . However, the analysis of The Neel temperature and the high-temperature tail of the
Fig. 3 suggests that from the fitting of the specific heat onlymagnetic ordering. peak allow us to use two other methods
we can expect, at most, to obtain the energy of the center db evaluate|Jc,|/kg, by means of the preditions obtained
gravity of each doublet. The fit is excellent in the tempera-from the series expansion for the isotropic Heisenberg model
ture range K<T<150 K, as shown in Fig. 4. The param- with arbitrary spin and crystal lattice by Rushbrooke and
eter values obtained areE;/kg=233(5) K, E,/kg  Wood? The assumption of the isotropic Hamiltonian is jus-
=504(5) K, andag,=2.05(5)x10 7/ K~ 3. The crystal- tified by the magnetic susceptibility measurements along the
field level scheme is coherent with those found experimenthree axes of a single crystal of NdGf® which show no
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LK)
10 100 FIG. 6. |Jcl/kg as a function ofTy for LUCrO;, YCrO;,
T (K) GdCrQ; (from Ref. 30, and NdCrQ (this work).

FIG. 5. Magnetic specific heat of NdCz@open symbolson a Hamiltonian fqr cubic lattices fr(_)m the transition tempera-
double-log scale. For the sake of clarity, only a part of the data idure. After their results, the relation
shown. The three separate contributions to the calcul@tg¢solid
line) are shown; Nd*l4, Schottky, Cs.p, (dotted ling, magnonic kgT
contribution of the Cr subsystengs,, (dash-dotted ling and s.c. J
S=3/2, isotropic Heisenberg high-temperature specific h€gat, ) ) ) o
(dashed ling The inset show the data on a double-log scale, oncdolds, which, together with the shift of the magnetic singu-
Csch has been subtracted, isolating the Cr magnetic contribution&2rity in antiferromagnetic systends,
(except for the spin reorientation transition peakat34 K).

©=(z-1)(0.57%(S+1)—0.072 (4)

Tn—Tc  0.65

appreciable anisotropy above 150 K. The studies of the Te z9S+1)’
magnon-assisted Cr emission spectra on Y{rOuCrQ;, ) T )
andngCrQ (Ref. 30 also corrobporate this aﬁproxim%tion, allows one to obtain the valyd | /ks=21.0(1) K, consis-

as the experimental results do not evidence any magneti€nt with the value obtained from the highseries.Ty; is
anisotropy at high temperatures. Therefore, in the paramad{lommete'y independent of our analysis of the specific heat
netic region, at temperatures high enough to avoid the crititnamely the Iatht|ce contribution subtractiomence its con-

cal regime,C,, can be well described by the sum of two Sistency with|J¢ |/kg and|JZ|/kg (which are strongly de-
contributionsC,= Csiit Cp: the high temperature part of Pendent on the separation of contributipissa guarantee of
the electronic Schottky contributiorCs.,, already deter- the correctness of our treatment. The dispersion on the
mined by the low-temperature analysis and kept fixed now|Jcl/Ks values (=5%) gives a rough estimate of the confi-
plus the high-temperature expansion for the specific heat of dence level of the obtained crystal field energies.

simple cubic,S=3/2, isotropic Heisenberg Hamiltonian, ‘We may compare thElc,|/Kg values with the values ob-
tained for other rare-earth orthochromites. Van der Ziel and

van Uiterf® reached|J¢,|/kg=12.7, 15.9, and 18.3 K for
LuCrQ;, YCrOg, and GdCrQ@, with Ty;=112, 140, and
©® 170 K, respectively. In Fig. 6 we plddc,|/kg as a function
of Ty for different compounds. A linear relation between
them is shown notwithstanding the different methods used to
determine the exchange constants. The differences have been
directly related to different Cr-Cr distances, Cr-O-Cr angles,

®)

2 5
cum S, S o

36 n=1 g"

where z is the number of nearest neighbdi for the s.c.
lattice), #=kgT/J and c, are the expansion coefficients,

given in Ref. 29 up tn=5. The best fILtOCm_abOVG 250K and the cell volume in the studied compourtghe verifi-
'S shown in Fig. 5, yielding the resuldc,|/ks=21.6(5) K. cation of the linear relation between the élléaemperature
Figure 5, one double-log scale, shows the three separate Cofiq the exchange constant for the Cr systems is another test

tributions to the galculated:m (solid): .CSCh (dotted [ing,  4f the consistency of our calorimetric analysis of NdgrO
C, (dash-dotted ling andCy, (dashed ling Only one-tenth

of the data is shown in Fig. 5 for the sake of clarity. The
inset of Fig. 5 shows the result of subtracti@g.y, from the
experimentalC,, isolating the contributions due to Crions.  The expected total magnetic entropy from the electronic
Csw andCy,; are also shown. contributions in the whole temperature range is given by the
Rushbrook and Wodd give a third, semiempirical way to Cr (S=3/2) plus the Nd ground-state multipled < 9/2),
evaluate the isotropic exchange constant of the Heisenbeig., S'R=(In(10)+In(4))~3.69. The experimental value,

D. Entropy
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P A — FIG. 8. Magnitude of the Nd effective magnetic momeépiy 4,
10 100 1000 plotted against the hyperfine field, ; for several Nd systems. The
T (K) data for NdFe@ (M) are from Ref. 8. The intermetallic systems
. ) . o (#) include NdFe;;, NdFe Ti (Ref. 42, Nd,Fe,B (Ref. 43,
FIG. 7. Magnetic entropyshown in a semilogarithmic scale 5. Ng .Gty o (Ref. 44. For NdCrQ we have plotted theH
obtained from numerical integration of the experime@al/T data  ,ptained in this work together with the two published values for

below 300 K O, only 20% of the points are shown for clanjitgnd | gl 1.3ug from Ref. 10 (0), and 1.9 from Ref. 32 @)

from extrapolation of the calculated contributions @l=5000 K \hich obviously fits within the empirical linear relation between
(solid line). The entropy curves for the Gdotted ling and Nd He and| g -

(dashed ling subsystems are also plotted. The topxis has been
plotted at the theoretical expect&R=3.69 value.

low-temperature neutron-diffraction experiments on NdfeO
‘allowed us to obtain separately Ndl,; and its electronic
0 . 8 . :
magnetic moment uyng.© The ratio Hps to ung in
)J}IdFeQ (Hpi/ ung=1.120.2 M Oejug) was found to be
coincident with that of a wide series of intermetallic

obtained by numerical integration between 2 and 295 K
the C,,/T data points, isS./R=3.0(1). Thestudy of the
magnetic contributions presented above allows one to e

trapolate C,, to higher temperatures. Beyond the self- _ P
consistency of thé),|/kg values discussed above, the sepa—compound%(th/“Nd_ 1.080.02 MOefug). Two differ

ration of C,, into several contributions should render aent values are available in literature fpjq in NACro; at

: 4.2 K: 1.3ug, giving Hp¢/ ung=1.6+0.2 M Oejug; and
p_r)c;oper value for the magnetic entropy extrapolatedTto the more recent and accurate £@.3uz ,3? which results in

Figure 7 shows, on a semilogarithmic scale, the magnetiyhf/“'\‘d_l'lsi 0.25 MOeug . This later value is in ex-
entropy obtained from numerical integration of the experi-cener:jt agreerr?ent Vé'th rt]hellglven rellth for r(])ther .Nd com-
mentalC,,/T data(thick line). At higher temperatures, inte- pounds, as shown Dy the linear relation shown in Fig. 8,
gration of the calculated specific heat yields a value ofVhere g is plotted agamNs:Er,& for ﬂl,%é&e‘j systems. we
Si(%)/R=3.47, which is only 6% lower than the expected Want to stress the resuliy,~ =>2uyy —~. This is very
value 3.69. To give a graphic idea of the amount of themportant when considering the intensity of Nd-M interac-
entropy defect, the toy axis has been plotted /R  tions in those compounds, s, which gives a measure of
=3.69. The entropy curves for the Cr and Nd subsystems ar@e interaction intensity over the Nd ion, is directly propor-
also plotted. The 6% difference between the expected erflonal to uyg.
tropy and the obtained entropy indicates a slight overestima-
tion of the lattice contribution which, due to the structure of B. Spin reorientation transition
our analysis, is fully addressed to the Cr subsydt&qy was .
obtained from the calculated Schottky contribution and, con-, In NdCrQ,, the h|_gh—temperal_turd"2(Fx,Cy,GZ) con-
sequently,Sy4()/R=In(10) exactly. In fact, the entropic figuration of the Cr spin system dlscontlnuous_ly %hgr;ges into
defect is of the same order of magnitude as the dispersion o_ltEe Iové-a?mezzreﬁumrii(gﬁo’\ﬁéégz; gglgf:i%rzj;?:ilgiétéctii; of
Jerl/kg . By inspection of Egs(2) and(3) one can see that | SRT- ~° =7F )
|sligr|1tly increasing the global value of the Cr specific heatth's tranquon In NdCr_@, W.'th Tsrr=34+ (.)'3 K. From the
should decreasfl®|/ks while increasinglJE‘,VkB; ie. it discontinuity ofA4/kg in this spectroscopic dat@rom 23.6

. S aboveTsrrto 25.9 K below the transitionHornreich and
should further reduce the already small dispersion in the C SRT o
exchange constant, reinforcing the self-consistency of thgaeger predicted that the spemﬁclhegt due to the ground Nd
: oublet should present a discontinuity of 0.02 RTakT,
obtained results. ; I~ ! .
with the sharp anomaly characteristic of a first-order transi-
tion superimposed onto the step.

IV. DISCUSSION To compare this predictioffull line in Fig. 9) with our
experimental results, we had to extract the contribution of
the ground doublet t&€,,. To do this, we subtracted, from

The fit of the Nd hyperfine contribution described in Sec.the Nd contribution shown in Fig. 4Qs.=C,— Csw), the
[Il A yields a hyperfine fieldH,;=2.1(2) M Oe. Recently, part which is due to depopulation from the excited levels to

A. Hyperfine field and Nd magnetic moment
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b very similar value to that found experimentally in ErGrO
041 £ .\xo ‘ . (Ref. 36 (0.12 K), though quite a bit smaller than the pre-
' \Y MitX e = 36 R dicted value. The difference between the calculated and ex-
“é perimentalAU also indicates that the effect of Nd-Nd inter-
03r S 1 action was overestimated @ggtin Ref. 13.
& . #
v 02 § °°°,°; s 1 C. Nd-Cr interaction
&W?i_ To rationalize the effect of Nd-Nd and Nd-Cr interactions,
01k ¢ %eoee.,” 1 we have used a simple model developed for NdF&@he
w model properly describes both regimes, above and below the
' cooperative ordering of Nd ions taking place in NdRefd
00 10 20 30 20 0 Tn2=1.05 K. Above Ty, (which is always the case in
T (K) Nd_CrOs), the Zeeman splitting of the ground doublet can be
written as
FIG. 9. Specific-heat Schottky contribution of the Nd ground
doublet, compared to the Hornreich’s predicti¢solid line) pre- Ag=2(~ p3Hna-crt Inam), (6)

senting a discontinuity of 0.2at Tggrand a sharp anomaly char-

acteristic of a first-order transition. The theoretical curve obtainedvhereJyq is the exchange constant of the Nd-Nd interaction,
from our fit, with A4 /kg=27.15 K (dotted ling, is also shown. andy is a dimensionless mean-field parameter describing the
magneticr%igduced order of Nd in tleg (I';) mode. Neutron

. N _ ,, diffraction®s shows thaty can be neglected dtsgt. More-

the ground _doublet. Thls_contrlbuuon from_ higher levels over, Hyg.c, can be considered temperature independent be-
(Cy) can simply be obtained as the specific heat caused b|¥)W ~50 K, because the Cr subsystem is fully saturated, as

the level scheme depicted in Fig. 4 if the ground double : :
were degenerated and placed at the energy of the center% own by the entropy curvéc, of Fig. 7. Thus, with the

Nd_ —

gravity of the split(actua) doublet** The result of this final }[{alues,uzh— 1'93ifp'|3“5 and Abg/kB _btﬂlii—z( an _efgg'
symbol3. The peak corresponding to the first-order SRT be- "0 i Ref 13, In the f(rqamevgork ofgthe mean-field ap-
comes evident in this figure. Measurements upon heating of” ~. "~ B b
cooling reveal a rather small thermal hysteresis-df.2 K. proximation, Hq.cr is generated by the ordered magnetic
The entropy change related to this transition is very small, agwoments of Cr,

it occurs in an almost fully ordered Cr sublattice. Its first-
order character is rather evident in magnetization measure-
ments, due to the disappearance of the weak ferromagnetic

moment ofl", when cooling belowTl sg1.1%*3 The small ef- B .\ , o ,
fect on the specific heat contrasts with the abrupt chang®¥N€reéS=3/2, G is Bertaut's combination of 3/2 spins, and

observed in the magnetization. tor=2.9 ug in NdCrO;.1° At the temperatures of interest,
Figure 9 shows that the data are very well described by &e Cr system is fully saturatdde., G,=4S), and we obtain

temperature-independent two-level Schottky curve witha value for the Nd-Cr mean-field interaction parameter:

Ay/kg=27.15 K (dotted ling, which belowTsgris essen- Nng-cr=Hna.cr/mcr=36*=4 kOelug.

tially the curve predicted by Hornreich and Yaeger, shifted The phenomenological interaction parametgy, can be

to lower T (in Ref. 13,A4/kg=25.9 K is usell The discon- ~compared from on®MO; system to another, as it is inde-

tinuity on A4 is not visible in our data, as no step is observedpendent of the magnitude of the magnetic moments of the

at Tggr. The discontinuity on the spectroscopic data wagare-earth and transition-metal ions. In particular, it is inter-

interpreted as the appearance in the low-temperature co@sting to compare it witlyg e in NdFeQ, as it has been

figuration ;) of a contribution of abou2 K to A4 origi- published that the interaction is more than one order of mag-

nated by the Nd-Nd interaction. As we have stated abovefitude larger in the chromite than in the ferrlfe'®In Ref. 8

our systematic low-temperature study of theNN@; series ~We obtainedHyy.re=66 kOe from the fitting of specific-

shows that Nd-Nd interaction is by far too weak to induce aheat and neutron-diffraction experiments. This value takes

splitting o 2 K at temperatures as high @ggt. This effect  into account Nd-Fe and Nd-Nd interactions as well as the

can be estimated qualitatively in a similar way to that used/an Vleck susceptibility. In analogy to Eq7), using the

for NdFeQ, in Ref. 8[see Eq.(6) in Sec. IV by using Value upe=4.6ug (Ref. 37 yields nyy-re=14.4 kOefug

diffraction intensities due to Nd polarization. Atry, the N NdFeQ. As a consequence, the interaction strength ratio

splitting induced by Nd-Nd interaction is no larger than 0.2between the two compounds igg.c(/Nng-re=2.6. Thus,
K.3 although the NdM interaction is actually stronger in the

The values ofA 4, above and belowW sgrused by Hornre- chromite than in the ferrite, the ratio cannot be considered
ich and Yaeger to calculate the step in the specific heat wer@omalous within the dispersion in tieMO; family. The
also used to calculate the energy change of the spin reoriegiifferent A, values of several systems along the series illus-
tation transition: AU/R=0.37(2) K. The value obtained trate this point. For example, in NdNiOthe average of the
from direct integration of our data, once the two-leveltwo Nd sites givesAng'/kB=4.7 K, similar to NdFe@.
Schottky curve has been subtractedAld/R=0.15(2) K, a  Recent specific-heat measurements on NdyinCallowed

Hnd-cr=NMa-crGy =75 MNd-crier Gy, (7)
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us to determined) ‘M"kg=23=2 K.* Similar differences ~Cr, and Nd-Nd interactions, i.e., to translatgy.c, into the -
appear in other rare earths, for example, Smfd@s Jnd-cr appearing in an isotropic Heisenberg-like Hamil-

Angqu:22_5 K, SmCrQ hasA§m°7kB=8 K, HoFeQ tonian—qud_c,E_SquC,._This is_ not the correct treatment
hasA';OFe/kB=8 K, HoCrO, hasAf°C"/k, =16 K, etc.(see for Nd-Cr interaction: the isotropiR-M exchange in ortho-

Ref. 1 for more examplés g rhombic perovskites is only due to the weak ferromagnetic
The rationyg o, /Nya.re Was clearly overestimated in pre- components, and, in particular, it vanishes in the purely an-

vious literature=>1* The problem lies in the smallness of the tiférromagneticl’y phase. The phenomenologiaalg.c, is

Zeeman splitting obtained by Hornreich and Yaeger by fit-‘;ﬂghgﬁgé? anisotropic and antisymmetiison-Heisenbeng

ting magnetization and magnetic susceptibility data in ) .
NdFeQ: ANdFe/szl 6 K2° The difference with the ex- The very important role played by non-Heisenberg ex-
DAy .6 K.

perimental value of ;/kg=5.7 K (Ref. 40 was ascribed to change in the magnetic propertiesﬁl‘i’)MOg perovskites was
Nd-Nd interaction. This has been demonstrated to be Yt INtO ewden_ce, by Yamaguc ;among _other_s, who, .
wrong statement, adyg/ks=0.825 K in NdFeQ,® and pokmg for a satisfactory theqry of spin reorlentanon trans!—
23 ke remains smgller ?haz K even afT~1 K. when tons, developed a model which takes into account isotropic,
7 ped;]chgs its value of saturatipm(0)=1.15] ’ anisotropic, and antisymmetric terms of tR&"-M3" inter-

) P ) .
In conclusion, our work solves the riddle of the origin of actions. The model .neg]ects tlﬁé s.lngle-lon anisotropy,
the strength of Nd-Cr interaction. The Nd-Cr interaction int_)ased on two facts: spin reorientations take place at rela-

the chromite is stronger than the Nd-Fe one in the ferrite b 'Ve% h'glh tent:peratlérgs in mof '\303 ﬁés_tertrr]]s, .antd th.ey
(only) a factor~2.6, which has to be attributed to different Céggu € aiso observe '|,n compounds WrIEres the 1Sotropic
superexchange N paths, i.e., NdM distances, Nd-QM G ion. Yamaguchi's approach succeeds in describing

angles, and electronic overlapping. In the experimentallfont'nuous_ and abrupt reonentaﬂondtransmor;]s in %very

measurable magnitude directly related to Mdinteraction, RMkO3Y(M —Fe,h_CD sylstsmd ?;Ctegtﬂ'\! Clrp In t e ?te

Ag4, the Nd-Cr interaction strength, greater than the Nd-FéNIOr » Yamaguc |<t:ontcu| & tha 1sing e_-|otn ?n'sf rop_yt_

interaction strength, is enhanced by the fact that the Nd magd- agsl, a v;ary |mpotr antrole mt' espin r$0r|er]: {ahgon ransi 'Og

netic moment in the chromite is approximately twice that in n ow-kemp]?ra urﬁ_ magnetc f%r%)‘er es of this compound.

the ferrite. The single-ion anisotropy of Ndriginating the Our work confirms his conjectuf€:

magnitude of the Nd magnetic moment and theéensoy ACKNOWLEDGMENTS
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