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Inhibition of Nd magnetic order in NdFe1− xCoxO3 (x � 0.5)
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Abstract

The low-temperature specific heat of the NdFe1− xCoxO3 (x = 0, 0.03, 0.1, 0.25, and 0.5) solid solutions has been measured in
to study the magnetic ordering of the Nd sublattice as a function of the Co content. The experimental results show the inhibition
magnetic ordering forx � 0.1. Bertaut’s theory of spin configurations for ionic structures is used to propose a simple mean-field mode
is able to explain the main features of the low-temperature heat capacity of NdFe1− xCoxO3 for x = 0, 0.03 and 0.1 in terms of the rat
between the Nd–Nd and Fe–Nd interactions. In order to properly explain the specific heat curves we find satisfactory to include a d
of internal fields acting on the Nd3+ ions. Indeed, low-spin Co ions in NdFe1− xCoxO3 are equivalent to magnetic vacancies and the
atoms are polarized additionally by an internal field caused by the Fe–Nd isotropic interaction between the non compensated F
and the Nd.
 2005 Published by Elsevier SAS.

PACS: 75.30.Et; 75.40.Cx; 65.40.+g
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1. Introduction

Rare-earth oxide compounds with perovskite struc
have been receiving renewed attention during the last de
in connection with the discovery of high-Tc superconductiv-
ity and colossal magnetoresistance. These compounds,
a rather simple structure provide, however, a rich variet
electronic and magnetic phenomena depending on the a
involved, the interatomic distances and the bonding stren

In particular, RMO3 are model systems to investigate t
magnetic interactions between the rare earth (R) and 3d or
4d metal ions (M). In general, those interactions follow t
hierarchy of M–M, M–R and R–R in descending streng
The NdMO3 family has a wide range of magnetic and no
magnetic M substitutions with the same structure (sp
groupD2h

16). The Nd3+ ion occupies low-symmetry position
and its4I9/2 ground multiplet is fully split into five Kramer

* Corresponding author. Tel.: +34 976761218; Fax: +34 976761229
E-mail addresses: barto@unizar.es(J. Bartolomé),
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doublets by theCs-m low-symmetry crystal field. In the
range of temperatures we are dealing with (T < 10 K) only
the ground doublet is populated, and a description within
effective spins = 1/2 is satisfactory. It has been shown[1–
3] that when theH Nd–Nd exchange interaction is isolate
i.e., M is a diamagnetic ion such as Ga, Sc, In or Co,
Nd sublattice orders at aboutT ∼ 1 K. This gives rise to
a lambda anomaly with the corresponding anomalous
tropy S = ln2. In particular the compound NdCoO3 has a
long range order transition atTN = 1.20(1) K from para-
magnetic to antiferromagneticcz (Γ1) configuration. In this
compound, which we shall deal with later in this paper,
Co3+ atoms are in a diamagnetic state at these tempera
[4,5].

The introduction of a magnetic 3d transition metal, such
as Fe, Ni or Cr, leads to the magnetic ordering of the
sublattice atTN, which ranges from∼700 K for NdFeO3
to ∼200 K for NdCrO3 and NdNiO3.

Below TN, the M–Nd exchange interaction can be s
arated into isotropic and anisotropic components. In th
110

111

112

highly symmetric antiferromagnetic compounds the result-
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ing isotropic exchange is cancelled out by compensatio
the contributions due to antiparallel moments. However,
compensation of the anisotropic exchange is not comp
and the net effect on the Nd3+ moment is the appearance
an internal fieldH M–Nd that splits the Nd ground state due
the Zeeman effect. As a result, it polarizes the Nd sublat
thus reducing the magnetic entropy available for coopera
ordering. Depending on the strength ofH M–Nd, cooperative
order of the Nd sublattice appears in some cases at a l
temperatureTN2, as in NdFeO3 [6], or NdNiO3 [7] while it
is fully inhibited in others, as in NdCrO3 [8] or NdMnO3 [9].

A landmark on the understanding of complex magn
systems was established by E.F. Bertaut in his 1963
known review paper[10]. Indeed, the definition of a prope
bases of generalized Néel vectors for a given system
“Bertaut’s modes”) allows, quoting Ref.[10] “ to infer mag-
netic properties from knowledge of the symmetry of the struc-
ture and vice versa”. Using the Bertaut’s modes, we pro
posed a simple mean-field model which in terms of the r
betweenH Fe–Nd andH Nd–Nd was able to explain the mai
features of the low-temperature heat capacity of NdM3
systems[2,6,7]: the λ peak atT N2 and the Schottky max
imum due to Zeeman splitting. The internal fieldH M–Nd
polarizes the Nd moments in a magnetic structure having
same symmetry (i.e., belongs to the same irreducible
resentation) than the M magnetic order established atT N,
as clearly seen by neutron diffraction. When the Van Vle
susceptibilityχV.V. is introduced, our model predicts as w
the temperature dependence of the magnetic neutron e
peaks, which for example, compares satisfactorily with
experimental data for NdFeO3 [6]. As the experimental spe
cific heat evidences a true phase transition for some sys
at TN2 ∼ 1 K, the Nd–Nd interaction must favor a magne
arrangement belonging to a different irreducible represe
tion of the magnetic group than the M sublattice.

In NdFeO3 the interaction ratioH Fe–Nd/H Nd–Nd is found
just below the critical value which would inhibit Nd coope
ative order. As a result the Nd long range sublattice orde
is not inhibited. Indeed, it gives rise to a small anomaly
TN2 = 1.05(1) K which can be discerned in the low tempe
ature side of a Schottky anomaly, the latter with a maxim
atTmax= 2.35(5) K [11].

The substitution of Fe by non-magnetic Co in NdFe1− x-
CoxO3 can be considered as the introduction of a magn
vacancy in the Fe sublattice. Its presence in the nea
neighborhood of a rare earth ion leads to the breakd
of the compensation of the isotropic component ofH Fe–Nd.
As a result of this non-compensation, an isotropic excha
field acts on the rare earth and the Fe sublattices. Inde
small concentration of vacancies has an important effec
the magnetic properties of rare-earth orthoferrites: in dilu
DyFe1− xAlxO3, the Morin phase transition temperature
creases[12]. The net effect on the magnetic ordering of t
rare earth depends in detail of the competition between
crystal electric field and the exchange field. In TbFe1− xAlx-

O3, the reorientation transition temperature from a configu-
T
E

D
 P

R
O

O
F

r

c

s

t

ration belonging toΓ4 to another belonging toΓ2 decreases
in temperature[13] while the Tb long-range order is inhib
ited. Even in HoFe1− xAlxO3 a new transition, toΓ1 config-
uration is induced by vacancies[14,15].

So, the substitution of Fe by non-magnetic Co is an
cellent test case to study the modification of the effect of
cancies on the magnetic ordering of the Nd sublattice, so
never studied. The vacancies modify theH Fe–Ndinteraction,
and therefore this opens the possibility to evaluate the ab
of the model to explain the induced effects. The Fe sub
tice is known to order antiferromagnetically atTN = 687 K
[16], so, the magnetic dilution of the Fe sublattice provo
the lowering ofT N till the quenching of magnetic orderin
for x � 0.65, the percolation limit. This fact creates two d
ferent scenarios in the study of the Nd sublattice. For
x concentrations the Fe sublattice is ordered but cont
randomly distributed magnetic vacancies, while for highx

values the Fe moments are paramagnetically disordered
decorate randomly the Nd lattice.

In this paper we shall study the low Co content reg
of NdFe1− xCoxO3, in detail. The scheme of the paper
as follows; in Sections2 and3 the experimental details an
results are given, in Section4 the mean field model is intro
duced and predictions are compared with the experimen
Section5 we discuss the validity of the model and Sectio6
are our conclusions.

2. Experimental details

The specific heat measurements in the range 0.3 K <

T < 6 K were performed using a fully automated qua
adiabatic calorimeter[3] refrigerated by adiabatic demagn
tization of a paramagnetic salt (CPA), using heat pulse te
nique and germanium thermometry in the whole tempera
range. The absolute accuracy of the instrument has bee
timated to be about 1%. The calorimetric data measured
x = 0 and 0.5 between 4 K and 275 K, were obtained
a commercial Sinku-Riko AC-calorimeter. The relative v
ues obtained by this technique have an accuracy of 0
They were scaled to the absolute values measured at
temperature.

NdFe1− xCoxO3 powder samples (x = 0, 0.03, 0.1, 0.25
0.5 and 1) were obtained by using a ceramic procedur
stoichiometric mixture of the binary oxides in the app
priate proportions to achieve the desired solid solutions
calcined in air at 1000◦C for 2 days with intermediate grind
ings. The resulting powder was pressed to 5 kbar into pe
and sintered in air at 1300◦C for 6 h. For the low temper
ature experiments, about 0.5 g of sample were mixed
Apiezon N grease to achieve a good thermal contact eve
the lowest temperatures between the sample and the c
112metric set (heater and thermometer).
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3. Experimental results

In Fig. 1, we show the specific heat of the NdFe1− xCox-
O3 series measured below 6 K, except forx = 1 (NdCoO3)
which is shown for comparison, and only below 4 K. T
specific heat of NdFeO3 (x = 0), shown in the left uppe
panel ofFig. 1, features a well known Schottky-like anoma
[11], with a maximum atT = 2.35 K (about 7% lower than
the ideal doublet Schottky curve), as well as a small sh
peak atTN2 = 1.05 K already mentioned in Section1, thus
proving the on-set of Nd long range order. The same gen
features are found in the specific heat forx = 0.03. How-
ever the Nd critical temperature decreases toTN2 = 0.72 K,
slightly increasing the temperature of the Schottky ma
mum (fromT = 2.35 K to T = 2.6 K) as well as its height
which is nearer to the ideal Schottky value. Forx = 0.1 only,
the smallλ peak on the low-temperature side has already
appeared, and the Schottky maximum appears atT = 2.9 K.

Thus, the dilution of Fe with diamagnetic Co destroys
cooperative ordering of Nd at low-temperature for Co c
tents as low as a few percent. This is accompanied wi
slight but clear trend of shifting the Schottky maximum
higher temperatures for increasingx, corresponding to an
enhancement of the Zeeman splitting of the Nd ground d
blet from∼6 K (x = 0) to ∼7 K (x = 0.1). Within the the-
oretical frame given for NdFeO3 in Section1, those trends
are indicative of the increase of the internal field acting
the Nd sublattice fromx = 0 to x = 0.1. Our experimenta
results point out that the Co dilution drives the ratio of
teractionsr = HFe–Nd/HNd–Nd above the critical limit, thus
inhibiting Nd cooperative order.

The specific heat curves forx = 0.25 andx = 0.5 are
similar to thex = 0.1 one. However, the two trends observ
in the range 0� x � 0.1 are reversed on the 0.1 � x � 0.5
region: the temperature of the maximumCp stabilizes and
 Cstarts decreasing, while the height of the Schottky-like hump

that corresponding tox = 1.
T
E

D
 P

R
O

O
F

l

decreases whenx increases. Its shape is strongly distor
with the Co concentration, completely loosing the char
teristic two-level Schottky shape. This may be indicative
a broad distribution of Zeeman splittings of Nd3+ ions. In-
deed, in first approximation, each Nd ion is affected b
nearest Fe or Co neighbors, and the strength of the mag
interaction may vary depending on the number of Co i
and the magnetic configuration of the Fe ones. We will sh
in Section4 how to rationalize this dependence in order
explain the specific heat forx = 0.5.

Finally, NdCoO3 (x = 1), shown for comparison, presen
the characteristicλ peak of antiferromagnetic ordering
T = 1.2 K, Nd being the only magnetic species, simila
to what was found in NdGaO3 [1,17], NdScO3, and NdInO3
[3]. The critical temperature of Nd forx = 0 andx = 1 is
approximately constant, as shown inTable 1.

The results shown inFig. 1can be summarized in a pha
diagram as presented inFig. 2. The grey area, marked “AF”
corresponds to cooperative order of both, Nd and Fe
lattices. The white area falls within the percolative reg
for the Fe sublattice, as its ordering is expected to dis
pear only above a substitution ratex > (1 − pc) = 0.693,
wherepc = 0.307 is the percolation limit for a Heisenbe
simple cubic two sublattice antiferromagnet, as applica
for a S = 5/2 system[18]. Thus, in the white region o

Table 1
Relevant thermodynamic data obtained from the specific heat mea
ments shown inFig. 1

x T N2 (K) Tmax (K) Cmax (R) Sc (R) SSch (K) S (R/ ln 2)

0 1.05(1) 2.20(5) 0.388(3) 0.068 0.60 0.98
0.03 0.72(2) 2.6(1) 0.396(4) 0.028 0.67 1.01
0.1 – 2.95(5) 0.392(2) – 0.69 1.0
0.25 – 3.00(5) 0.380(2) – 0.68 0.98
0.5 – 2.8(2) 0.317(5) – 0.73 1.05
1 1.20 – – 0.39 – 0.99
93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111xcept for
U
N

C
O

R
R

E

Fig. 1. Specific heat of the NdFe1− xCoxO3 system. Note that the temperature scales are common for all the figures, as well as the vertical ones e
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Fig. 2. Low-temperature phase diagram of NdFe1− xCoxO3 for x � 0.5 af-
ter the experimental results. The grey area corresponds to cooperative
of both, Nd and Fe sublattices, while over the white area only Fe is ord
Nd being polarized byHFe–Ndinteraction.

Fig. 2, only Fe is ordered, while Nd is being polarized
the H Fe–Nd interaction. The degree of polarization can
quantified by the average splitting of the Nd3+ ground dou-
blet,∆Schott, shown as a function of Co concentration in t
inset ofFig. 2. The continuous increase of∆Schott upon Co
concentration evidences the increase of the internal ave
field acting on the Nd sublattice fromx = 0 to x = 0.5. The
detailed procedure to derive∆Schott from the specific hea
data will be detailed in Section5.

In order to obtain the magnetic specific heat of NdFe1− x-
CoxO3, the lattice contribution affecting the curves shown
Fig. 1 has to be evaluated and subtracted, if necessary
though it has been shown that both the lattice specific
and the Schottky contributions from excited doublets can
neglected below∼5 K in NdMO3 systems, we have to ex
tend the calorimetric study at higher temperatures for s
members of the NdFe1− xCoxO3 series, namelyx = 0.5.
Moreover, our aim is to compare the experimental cur
with the results of aS = 1/2 model, and to do so any sizeab
contribution from excited doublets overlapped to the gro
doublet one, if present, should be also taken into acco
The specific heat analysis performed on our data is exem
fied inFig. 3.

In NdMO3 pure systems with diamagnetic M atoms[3],
and in particular in NdGaO3 [1,17], the high temperatur
side of theλ peak is very well described by aT −2 law and
thus, can be calculated up to any temperature. Both the
tal structure and the4I9/2 crystal field splitting are very sim
ilar along the whole series of orthorhombic NdMO3 com-
pounds. Thus, by subtracting from the experimental spe
heat of NdGaO3 the well-known magnetic contribution o
the ground-doublet, we get a curve (full line inFig. 3) which
consists of a lattice specific heat plus a Schottky contr
tion from excited doublets providing the requiredbase-line
for the NdFe1− xCoxO3 system. The soundness of the p
cedure is assured by the fact that the entropy of the rem
specific heat in NdGaO3 equalsR ln 2 within the experimen

tal accuracy[1]. Fig. 3 shows the NdFe0.5Co0.5O3 specific
T
E

D
 P

R
O

O
Fr

-

Fig. 3. The ground-doublet magnetic specific heat (•) of the
NdFe1− xCoxO3 systems has been obtained by subtraction of
base-line (full line) from the experimental data (!). The NdGaO3 specific
heat is also shown (�).

heat data (!), together with thebase-line and the result o
the subtraction (•), labelled “G-D magnetic specific heat
The specific heat of NdGaO3 is also shown (�), to evidence
the procedure followed to obtain thebase-line. It is worth to
note that in NdFe1− xCoxO3, the specific heat from spuriou
contributions below∼5 K is negligible in comparison to th
magnetic one. The data shown inFig. 1 are not appreciably
modified by this subtraction procedure.

In the low-temperature side, it has been shown that
hyperfine contribution to the heat capacity in NdMO3 sys-
tems is negligible above∼250 mK[19] in comparison with
the magnetic specific heat of interest here, with the o
exception of NdCrO3 where the hyperfine contribution
observable belowT = 1 K. Thus, we will neglect this contri
bution, even if a tiny up-turn can be appreciated at the low
temperatures in the specific heat of some samples.

4. Mean field model

NdFeO3 and NdCoO3 have an orthorhombically distorte
perovskite structure, space groupD2h

16 (Pbnm), with four
formula units per elementary cell, schematically shown
Fig. 4.

The magnetic configurations are described in terms
eigenstates (Bertaut’s modes) of linear combinations of
operators for different 3d metal or rare-earth sites, who
Cartesian components transform as one of the eight
dimensional irreducible representations of the reduced s
group. These linear combinations are:

f̂M,R = ŝ1,5 + ŝ2,6 + ŝ3,7 + ŝ4,8,

ĝM,R = ŝ1,5 − ŝ2,6 + ŝ3,7 − ŝ4,8,

ĉM,R = ŝ1,5 + ŝ2,6 − ŝ3,7 − ŝ4,8,

(1)âM,R = ŝ1,5 − ŝ2,6 − ŝ3,7 + ŝ4,8

where ŝM,R are the electronic spins of the 3d (Nd) ion of

112the structure schematized inFig. 4. Following the usual no-
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Fig. 4. Schematic structure of the NdFe1− xCoxO3 unit cell. Fe and Co
ions are depicted as black circles, Nd ions are larger grey circles. Both
and the metals have been numbered as in Ref.[10]. The cube of the idea
perovskite as well as three distorted oxygen octahedra are shown.

tation, instead of the M, R subindices, capital letters are u
for the M modes, while small ones refer to R modes.

In the particular case of NdFe1− xCoxO3, R = Nd and
M = Fe or Co, many experimental evidences[4,5] indicate
that Co in NdCoO3 is in a low-spin state and can be co
sidered as a fully diamagnetic ion. Thus, it is possible
identify M = Fe in Eq.(1).

In NdFeO3, below T = 125 K the Fe configuration i
GzFx , belonging to theΓ2 irreducible representation. A
a consequence, the internal fieldH Fe–Nd produced by the
Fe sublattice transforms as theΓ2 irreducible representation
that in terms of the Nd allowed configuration modes co
sponds tocyfx one[20]. Although the isotropic componen
of H Fe–Nd is compensated, the anisotropic one generat
noticeable polarization in the Nd system. Neutron diffr
tion experiments allowed to observe both theGz mode of
iron [21] and thecy mode of Nd down to 1 K[22,6]. The fer-
romagnetic momentsFx of Fe andfx of Nd are antiparalle
and the spontaneous magnetization of the system bec
compensated atT = 8 K [23,24], but those modes have n
been detected by neutron diffraction as they are very we

In previous works[2,6,7]we did develop a mean-field ap
proximation for Nd orthoperovskites: Fe–Nd interaction w
described by means of a staggered exchange fieldH Fe–Nd

acting on the Nd system, while Nd–Nd interaction was
scribed by a yet unknown mode belonging to another i
ducible representation, as a true phase transition has
observed to take place atT N2. At low temperatures, th

H Fe–Nd field can be considered as independent of temper-
T
E

D
 P

R
O

O
F

s

n

ature, as Fe is fully saturated. On the Nd atom, we kn
that the first excited Kramers doublet is situated as hig
122 K above the ground doublet[25], which is the only dou-
blet appreciably populated at the temperature range of
study. This allows us to use the effective spin 1/2 formal-
ism. Indeed, thêsi,j in Eq.(1) can be understood as spin 1/2
operators.

In Ref. [6], the model included the Van Vleck susce
tibility of the Nd system, as it was needed to describe
temperature dependence of the neutron diffraction inte
ties in the paramagnetic region. However, asχV.V. has no
influence on the specific heat calculation[6] it will not be
taken into account in this work. Moreover, in order to redu
as much as possible the number of adjustable parameter
will also neglect the presence of afx mode in the Nd con
figuration. There are two grounds for such a neglect. F
it has never been observed in neutron experiments (ind
ing that it is relatively weak). Second, to consider one or
allowed modes for Nd does not provide any thermodyna
cal difference into the model: the sizeable effect ofH Fe–Nd
transmitted into the calculated specific heat is to produ
Schottky effect through a Zeeman splitting which redu
the entropy available for cooperative ordering.

To a good approximation the effect of theH Fe–Nd inter-
nal field can be described by a Zeeman term with Berta
cy (Γ2) configuration. The Nd–Nd exchange interaction w
be described, within a mean field model, by the follow
terms. The first one is proportional to the polarized mode,
cy symmetry, which has as order parameterχ = −1/2 · c®

y ,
as argued above. The second one corresponds to a coo
tive mode, i.e., the mode which would appear in absenc
the Fe sublattice. In a detailed neutron diffraction work o
single crystal of NdFeO3 belowT N2 [6] performed to deter
mine the low-temperature configuration of the Nd sublatt
we concluded that the antiferromagnetic modescz (Γ3) and
cx (Γ1) could be excluded since the peaks that should
pear in those case were not observed, and the ferromag
onesfy (Γ3) andfz (Γ4) were disregarded in this syste
(if present, these modes are small). We came to the con
sion that belowT N2 only the non-centrosymmetric config
urationsΓ5 (gxay ) andΓ8 (axgy ) could appear in NdFeO3,
since these are the most often found in other orthofer
[20], and also in NdScO3 and NdInO3 [3,26]. However, the
NdCoO3 has been found to order belowTN = 1.20 K in
thecz (Γ1) configuration, so the presence of Co would te
to favour this configuration, when sufficient rate of sub
tution would be reached. In the low doses of substitut
we are dealing with in this paper we adhere to either
Γ5 or the Γ8 configuration as the one present, in all lik
lihood, belowT N2 in NdFeO3. Since we observe a secon
order lambda peak atT N there must be a lowering of sym
metry in this transition, so belowT N2 a new configuration
must appear, superimposed to thecy (Γ2), which generates
components perpendicular to they axis, and not belonging
to the cz (Γ1) configuration. We are left with thegx (Γ5)
112or ax (Γ8). Thus, the low-temperature configuration isΓ2,5
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orΓ2,8, corresponding to the modesGzFxcygx orGzFxcyax

respectively. From the thermodynamic point of view, eit
choice gives the same results since the Hamiltonian is w
ten in terms of a generic order parameterγ corresponding to
−1

2〈ĝx〉 or −1
2〈âx〉, and we shall choose the former below

The mean field Hamiltonian can be written in terms
these contribution, after due correction of the self-ene
terms, following Ref.[27] procedure.

After subtraction of the appropriated self-interacti
terms, the Hamiltonian for the Nd ions in a unit cell is:

H = −2θcγ ĝx − 2θpχ ĉy + gyµBHFe−Ndĉy − 2θcγ
2

(2)− 2θpχ2

where the first and second terms describe the Nd–Nd
change in cooperative and polarized modes, with excha
constantsθc andθp, respectively. The mean-field order p
rameters for the cooperative and polarized modes areγ =
−1

2〈ĝx〉 andχ = −1
2〈ĉy〉. The third term is the Nd–Fe Zee

man term created by theH Fe–Nd exchange field. The two
later terms are mean-field self-interaction corrections.

From this Hamiltonian, the free energy can be easily co
puted,

(3)F = 1

2
θcγ

2 + 1

2
θpχ2 − T ln

[
2 cosh

(
∆

2T

)]

where

(4)∆ =
√

(2θcγ )2 + (gyµBHFe−Nd + 2θpχ)2

is the exchange splitting of the Nd3+ ground doublet. By
minimizing F with respect toγ andχ , one gets the charac
teristic equations:

(5)γ = γ
2θc

∆
tanh

(
∆

2T

)
,

(6)χ = (gyµBHFe−Nd + 2θpχ)

∆
tanh

(
∆

2T

)
.

Two different solutions for Eq.(5) correspond to two dis
tinct magnetic situations for the Nd system: the trivialγ = 0
corresponds to a polarized paramagnetic phase, andγ �= 0
defines a polarizedand cooperatively ordered phase. The
tensity of the polarization of Nd by theH Fe–Ndinternal field
in ĉy mode (Γ2 irreducible representation) is given at a
temperature byχ .

The entropy of the Nd system can be calculated by der
tion of Eq.(3);

(7)S = ln2+ ln

[
cosh

(
∆

2T

)]
− ∆

2T
tanh

(
∆

2T

)

and the specific heatC = T δS/δT can be easily compute
numerically from this expression.

It is convenient to introduce the parameterr =
gyµBHFe−Nd/2(|θp| − |θc|), the ratio between the two type
of exchange, Fe–Nd and Nd–Nd, since the predictions

the existence or inhibition of the long range transition may
T
E

D
 P

R
O

O
F

Fig. 5. Specific heat curves as a function of reduced tempera
t = 2kBT/(|θc| − |θp |) for different values ofr calculated with the mean
field model described in this work. In the top panel, curves withr < 1 are
shown, while in the lower panel, curves withr � 1 curves are compare
with ther = 0.95 one.

be expressed in terms of this adimensional parameter e
sively. The shape of the heat capacity curves calculated
function of reduced temperaturet = 2kBT/(|θc| − |θp|) for
severalr values are shown inFig. 5. For r = 0, that is, in
absence of any magnetic M (Fe) atom we obtain the mo
ular field prediction for the ordering of the Nd sublattice
T N2. As r increasesT N2 shifts to lower temperatures and d
creases in height, while a Schottky contribution grows ab
the ordering temperature (upper panel ofFig. 5). For r � 1
theλ peak has disappeared, that is, the long range orderi
inhibited by theH Fe–Nd interaction (lower panel ofFig. 5).
In Fig. 5, ther = 0.95 curve is shown in both panels to ser
as a visual link between ther < 1 andr > 1 regimes. It is
only in a narrow range ofr values(0.855< r < 1) that the
Schottky anomaly shows a maximum atTmax while the Nd
orderingλ peak is still visible. It is possible to emphasi
this result by representing the ratioTN2/Tmax as a function
of r as it is shown inFig. 6. We also plot in this diagram th
dots corresponding to actual NdMO3 systems fitted by the
model. Note the wider range(0 < r < 6) taking place in
isostructural NdMO3 compounds.

In Fig. 5 we show the specific heat curves for diffe
ent values ofr calculated with the mean field model d
scribed in this work. In the top panel, several curves w
r < 1 are shown. The variation from the classical mean fi
112model result for an isolated lattice(r = 0) evolves towards a
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Fig. 6. TheTN2/Tmax ratio is shown as a function ofr . The values corre
sponding to several NdMO3 systems fitted by the model are also shown

Schottky-like specific heat. In the lower panel,r � 1 curves
are compared with ther = 0.95 one. For highr values (as
the Nd–Nd interaction becomes lower than the Fe–Nd o
the specific heat curve tends to a pure 2-level Schottky cu

Our heat capacity results forx = 0 are satisfactorily fitted
with the parameter valuesθc = 2.7 K and θp = −0.83 K,
equivalent to an average exchange interaction ofJ/kB =
−0.88 K between Nd ions, andr = 0.979, that is, a net in
ternal field ofHFe−Nd = 59 kOe, taken into account that
NdFeO3 µNd = 0.92µB [6].

The introduction of magnetic vacancies as a random
stitution of Fe atoms lets each Nd atom loose one or m
magnetic nearest neighbour Fe atom (seeFig. 7). The net ef-
fect is a further decompensation of the internal field due
contribution from the isotropic and anisotropic compone
of the Fe–Nd interaction. We propose that the vacancie
not modify the symmetry of the Fe sublattice, or that t
is a negligible effect. Thus, the contribution due to the
compensated Fe moment is assumed to conform to the
Fe sublattice symmetry and, therefore, with the same
configuration as thex = 0 meanH Fe–Nd, i.e., thecy con-
figuration.

Since the substitution is random, the internal field d
to one vacancy in a pseudocubic cell, comprisingz = 8

Fig. 7. Schematic representation of the first neighbours of a particula
ion in NdFe1− xCoxO3 (x > 0). A diamagnetic Co atom (!) has substi-

tuted a Fe site (•), generating a magnetic vacancy.
T
E

D
 P

R
O

O
F

e

Fe moments acting on a Nd moment, can be written
HFe−Nd = ηHexcy , with η = ±1, depending on which typ
of position is occupied by the magnetic vacancy. Henc
can add or subtract to the anisotropic average fieldH Fe–Nd
[12]. Besides,H Fe–Nd will also be reduced due to the lo
of one compensated pair of contributing Fe spins. There
the effective field acting on the Nd moment is

(8)Heff = z − 2

z
HFe−Nd + ηHexcy.

We only need to substituteH Fe–Ndby Heff in ∆ (Eq. (4)) to
obtain the perturbed splitting energy. Two values of the p
turbed splitting arise,∆±, corresponding respectively to th
valuesη = ±1. We note thatHeff enters into a binomial in
Eq. (4) and this shifts the center of gravity of the doub
respect to∆. The free energy of the system has to be mo
fied consequently with three terms weighted by the num
of Nd ions unperturbed and perturbed by the fractionx of
vacancies:

F = 1

2
θcγ

2 + 1

2
θpχ2 − (1− zx)T ln

[
2 cosh

(
∆

2T

)]

(9)+ 1

2

∑
η=±1

zxT ln

[
2 cosh

(
∆

2T

)]
.

Minimizing this expression respect toγ and χ , the order
parameter evolution with temperature can be numeric
computed, and the heat capacity thereafter. The net res
equivalent to having a perturbing field superposed to the
erageH Fe–Nd, which is the value deduced from experime

Depending on the substitution rate the number of unc
pensated spins varies. The fit to thex = 0.03 heat capacity
curve, as shown inFig. 8, is achieved with the sameθ and
θ2 parameters as for the pure compound but withr = 0.995,
or equivalentlyHFe−Nd = 60 kOe, that is, a 1.5% increas
This value ofr is in the range where both the Schottky ma
mum and the lambda peak are still observable. However
x = 0.1 the lambda peak has disappeared completely w
the Schottky anomaly is well developed. As seen inFig. 8the
latter is shifted to higher temperature in comparison to
x = 0 curve, indicating a larger splitting of the Nd grou
doublet. In this caser = 1.18, beyond the limit of inhibition
of the long range ordering Nd sublattice transition, imply
an average internal fieldHFe−Nd = 71 kOe. A detailed plo
of the experimental and theoretical results for the temp
ture range aroundT ∼ 1 K for x = 0, 0.03 and 0.1 is show
in Fig. 9. There, the inhibition of Nd magnetic order with i
creasing Co concentration can be clearly observed. Note
Fig. 6includes the dots corresponding to these three con
tration.

For x > 0 the Schottky part of the heat capacity curv
is broader and stands lower than just one Schottky an
aly. The substitution of Fe by magnetic vacancies produ
a distribution of exchange fields that cannot be mimicked
just an average field. To describe the distribution of Nd i
having decompensated nearest neighbouring Fe spins w
112troduce the parameterG. At a given Nd site,G = 0 indicates
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Fig. 8. Experimental specific heat for NdFe1− xCoxO3 with x = 0, 0.03
and 0.1 compared to the results of the main field model as detailed i
text.

Fig. 9. A detail of the experimental (upper panel) specific heat forx = 0
(open squares), 0.03 (black circles) and 0.1 (grey diamonds) and the
responding calculated curves (lower panel) with the indicatedr values,
aroundT N2.

the presence of an equal number of surrounding Fe spi
one direction than in the opposite (varying from 4 for
vacancies around the Nd to 0 for no Fe atoms),G = 1 cor-

responds to a situation with one spin in excess in a direction
T
E

D
 P

R
O

O
F

Table 2
FractionpG of Nd3+ ions with a degreeG of antiferromagnetic uncom
pensation defined in the text as a function of the Co concentratio
NdFe1− xCoxO3. Values of the order of 10−4 or less are indicated as∼0

G x = 0 x = 0.03 x = 0.1 x = 0.25 x = 0.5

0 1 0.796 0.518 0.325 0.274
1 0 0.195 0.411 0.465 0.437
2 0 0.009 0.066 0.175 0.219
3 0 ∼0 0.005 0.033 0.062
4 0 ∼0 ∼0 0.002 0.008

than in the opposite,G = 2 corresponds to two uncompe
sated spins, and so on. We have calculated the fraction o
ions with a givenG value for a fixed Co concentration. Th
results are given inTable 2. Forx = 0.03 nearly 20% of the
Nd have decompensation by one spin (G = 1) and only 1%
by two (G = 2). Forx = 0.1 only 52% retain a compensate
environment, 41% haveG = 1 and 6.6% are decompensat
by two spins (G = 2). Since the substitution is random (
expected to be so) the net effect could be expected to ca
out. However, what we observe is equivalent to an incre
in the averageH Fe–Ndinteraction.

Since the Schottky heat capacity depends just on one
rameter, the doublet splitting, and it is a single particle c
tribution without cooperative effects, it can be calculated
a weighted sum of contributions withG = 0 to 4:

(10)Cp =
4∑

G=0

pG Sch(∆G)

where the weightpG are given inTable 2 and the func-
tion Sch(∆G) is the Schottky specific heat for a two-lev
system with splitting∆G. Thex = 0.03, 0.1, 0.25, and 0.
curves have been fitted under this hypothesis to accoun
the broadening effect on the Schottky anomaly, disregar
the lambda anomaly inx = 0.03. In practice, as thep3 and
p4 fractions are always very small and its effects (if any)
pear at high temperatures, we have minimized the numb
terms in Eq.(10) used in the fits. The curves are very w
fitted, as can be checked by inspection ofFig. 10. The total
set of results are given inTable 3. ThepG and∆G values ob-
tained from the fits allow us to obtain the weighted avera
∆Schott as shown in the inset ofFig. 2. Notwithstanding the
excellent fits, we note that forx = 0.5 the fit is not as good
Although a less precise determination of the non-magn
base-line (since it has a larger part at higher temperatu
cannot be fully ruled out, the quality of the fit is probab

Table 3
Energy splittings∆G of the Nd3+ ground doublet as obtained from the
of the experimental curves shown inFig. 10according to Eq.(10)

E/kB (K) x = 0.03 x = 0.1 x = 0.25 x = 0.5

∆0 5.31(1) 4.93(6) 4.05(4) 3.32(3)

∆1 10.4(1) 8.15(7) 7.65(5) 7.19(4)

∆2 12.1(5) 10.2(3) 15.6(2)

∆ 34.6(1.2)

1123
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Fig. 10. Comparison between the experimental specific hea
NdFe1− xCoxO3 for x = 0.03, 0.1, 0.25 and 0.5 and the calculated cur
after Eq.(10) with the values given inTables 2 and 3.

more affected by the limitation of the number of∆G to 5.
Obviously, the splitting caused in the Nd3+ ground doublet
by the different arrangements leading to a givenG value are
not necessarily equal, as Eq.(10) implies, but it is taken as
compromise to minimize the number of free parameters

5. Discussion

The evolution of the NdFeO3 heat capacity upon subst
tution of Fe by non-magnetic Co, that is for 0� x � 0.5
needs to consider that the Fe sublattice retain long rang
dering in spite of the magnetic dilution of the Fe sublatti
Using Mössbauer spectroscopy in LaFe1− xCoxO3 [28], the
Fe sublattice is found to be well ordered at room temp

ature forx < 0.5. The nearest neighbors to a Nd3+ ion are
T
E

D
 P

R
O

O
F

-

eight Fe3+ moments antiferromagnetically coupled in theΓ2

configuration.
For x = 0 the effective field should be nearly compe

sated by symmetry. As we proved earlier[6] the compen-
sation is not complete, though, and a mean staggered
H Nd–Feacts on the Nd moment. As a result the Nd3+ ground
state doublet splits; then the Nd moments are polarize
a Γ2 configuration giving rise to a Schottky anomaly. A
the Nd–Nd interaction becomes of the order ofkBT , a long
range magnetic ordering of the Nd sublattice to theΓR,2

(R = 5,8) configuration takes place atT N2.
As a result of the introduction of magnetic vacancies

the system, an uncompensated isotropic exchange field
on the rare earth ion with the same antiferromagnetic m
as the Fe sublattice, but factorized locally by a number g
by the uncompensated spins. Therefore two types of fi
will act on the rare earth ion, a regular field as in the p
compound, and a random field produced by the vacan
Besides, the Nd–Nd interaction is assumed to be not affe
by the Co substitution.

As we have shown in the experimental section, the
effect in NdFe1− xCoxO3, 0 � x � 0.03, is to increase th
average fieldH Nd–Fewhich splits the Nd3+ ground state and
competes with theH Nd–Nd in theΓ2 to ΓR,2 (with R = 5 or
8) transition atT N2, shifting the transition to lower tempe
atures up to its quenching forx = 0.1. The model develope
in Section4 explains quantitatively all these features and
lows to determine the rate of decrease in temperature ve
substitution	T/	x = 6.6 K/atom.

In the substituted compounds, the Schottky anomaly c
not be explained in terms of an exchange field only, howe
it is well fitted by a weighted sum of 2, 3 or 4 Schott
anomalies, forx = 0.03, 0.1, 0.25, andx = 0.5, respec-
tively. Table 3indicates the deduced weights and splittin
The fields are different because of the different ways
the uncompensation is produced by the vacancies, an
weight are calculated as the probability to haveG = 0, 1,
2, 3 or 4 uncompensated moments. The excellent fit
tained with this simple model confirms the initial propositi
that each vacancy contributes by an approximately cons
amount to the internal field acting on the Nd3+ ion. Indeed,
the internal field increases by a nearly constant propor
per decompensation unit ofG, except forx = 0.5, where
the fits are probably oversimplified as seen onTable 3. Be-
sides, it can be appreciated from thisTable 3that the value
of ∆0 decreases with increasing substitution. It is proba
that the anisotropic average field is lower for lower num
of compensated pairs of n.n. neighbors, under the conjec
that each pair of compensated spins gives a contributio
H Fe–Nd. Since forx > 0 the value∆0 is averaged over th
4–4, 3–3, 2–2, 1–1 and 0–0 combinations with a comm
G = 0 parameter, therefore for increasingx there is an in-
creasing weight of the highly-substituted configurations
this trend ofG = 0 combinations. As a result, the avera
112∆0 lowers its value.
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6. Conclusions

We have proven that in the case of substitution of
atoms by Co in NdFeO3, equivalent to the inclusion of mag
netic vacancies at the Fe sites, the Nd atoms are pola
by an effective field originating from the Fe sublattice. T
field increases in intensity if the number of vacancies
creases. The Nd sublattice undergoes a second order t
tion from the polarized state,cy (Γ2), to a polarized and long
range ordered configuration of lower symmetry,cygx (Γ2,5)
or cyax (Γ2,8), if the rate of substitution does not exce
x = 0.05. Indeed, from the increasing number of vacanc
results an increase in theH Fe–Ndfiled which overcomes th
Nd–Nd interaction and inhibits the long range order tran
tion. This effect due to vacancies is different to that indu
in other orthoferrites, where spin reorientation transitions
crease in temperature, decrease, or even are induced. O
other hand, it is similar to the inhibition by vacancies of t
Tb long range ordering in TbFe1− xAlxO3, although in the
Tb case, a rate of substitution ofx = 0.025 already reveal
effective[13].
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