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Low-temperature specific heat of Nd22xCexCuO42y single crystals„x50 and 0.15…
in applied magnetic fields

N. T. Hien,* V. H. M. Duijn, J. H. P. Colpa,† J. J. M. Franse, and A. A. Menovsky
Van der Waals-Zeeman Institute, University of Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands

~Received 25 February 1997!

Results are presented of low-temperature~0.3–6 K! specific-heat measurements on bulk single crystals of
Nd22xCexCuO42y ~x50 and 0.15! in applied magnetic fields up to 8 T. The magnetic-field effect shows a
highly anisotropic behavior : for both compounds only minor effects on the specific-heat curve have been
found for fields applied parallel to the crystallographicc axis, whereas if the field is applied in theab plane, a
substantial broadening and shift of the zero-field maximum to higher temperatures is observed. A satisfactory
quantitative description in terms of crystal-field and exchange interactions is given for the experimental data of
the x50 crystal. It is shown that application of the same description to thex50.15 case is inadequate.
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I. INTRODUCTION

Since their discovery,1 the electron-doped
Nd22xCexCuO42y compounds~with x<0.22; y is the oxy-
gen deficiency! have been the subject of intensive investig
tion. As is now known,2–7 these compounds exhibit comple
magnetic properties. We mention here that the parent c
pound~with x50; in this paper also called the ‘‘undoped
compound! is an insulator. The so-called ‘‘doped’’ com
pounds are superconducting for values ofx between 0.14 and
0.18 and y'0.02. Figure 1 shows the tetragonal crys
structure for the Nd22xCexCuO42y compounds1 in combina-
tion with the noncollinear spin structure proposed3–6 for both
the Cu and Nd sublattices in the undoped compound. In
compound the Cu sublattice orders antiferromagnetically
TN'250 K in the noncollinear spin structure mentioned. O
further decreasing the temperature the Cu moments und
two spin-reorientation transitions: one atTr1575 K from
the noncollinear structure into a collinear one~as defined in
the caption of Fig. 1!, and another atTr2530 K back to the
original noncollinear configuration. Considering in Fig. 1 t
ferromagnetically ordered Nd2Cu chains in both the noncol
linear and collinear structure, we note that, presumably
to a ferromagnetic Nd-Cu interaction, in both structures e
Nd moment has the same orientation as the Cu neigh
along thec direction. Furthermore, in the superconducti
doped compounds the long-range antiferromagnetic orde
the Cu moments is destroyed.7

The crystalline electric field ~CEF! in the
Nd22xCexCuO42y compounds has been studied extensiv
by inelastic neutron scattering~INS! ~Refs. 8–14! and Ra-
man scattering.15–18 While consistency in the energy-leve
schemes has been achieved, there is a large divergence
CEF-parameter sets proposed among the different group
authors to interpret these energy-level schemes.

Measurements of the specific heat, particularly in m
netic fields, can provide valuable additional information
the magnetic-ordering phenomena as well as on the mag
interactions in these compounds. These measurements
570163-1829/98/57~10!/5906~12!/$15.00
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vide another possibility to verify the CEF parameters.
To our knowledge, low-temperature specific-heat data

the Nd22xCexCuO42y compounds have been reported on
single-crystalline sample withx50 in the temperature rang
above 1.6 K at zero magnetic field,19 and on polycrystalline
samples withx50 – 0.2 down to the millikelvin temperatur
range in applied magnetic fields up to 6 T.20–24 The quanti-
tative description of the specific-heat data, however, can
be considered as completed. In this paper, we report
specific-heat measurements of Nd22xCexCuO42y single
crystals withx50 and 0.15, in the temperature range b
tween 0.3 and 6 K in magnetic fields up to 8 T, applied bot
parallel and perpendicular to the crystallographicc axis. We
present a description of these experimental data in term

FIG. 1. Tetragonal crystal structure~two chemical unit cells! for
Nd22xCexCuO42y and noncollinear spin structure of Nd2CuO42y .
The Nd subsystem is divided into 4 Nd sublattices, denoted 1, 2
and 4; Nd ions that in the figure have the same moment, belon
the same sublattice.~In a similar way there are 4 Cu sublattices.! In
the so-called collinear spin structure the moments in every sec
CuO2 layer rotate over 90°, keeping their antiferromagnetic
rangement; also in this structure the orientation of the Nd ion
such that the moments in each Nd2Cu chain along thec axis are
ferromagnetically ordered.
5906 © 1998 The American Physical Society
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crystal field and exchange interactions.
The organization of the paper is as follows. In Sec.

experimental details are given and in Sec. III, the results
the specific-heat measurements. The model for our calc
tions is described in Sec. IV. Results of these calculations
shown in Sec. V and discussed in Sec. VI. The paper e
with some concluding remarks~Sec. VII!.

II. EXPERIMENTAL DETAILS

Single crystals of Nd22xCexCuO42y ~with x50 and 0.15!
have been grown by the traveling solvent floating zo
~TSFZ! method in an oxygen-poor ambient atmosphere us
a NEC SC-N35HD light-image furnace. For the compou
with x50.15, a multiscan growth method25,26 was applied.
The as-grown crystalline materials~that each consist of only
a few large single crystals! were characterized by neutron
diffraction, x-ray Laue- and powder-diffraction, electro
probe micro analysis~EPMA!, and by ac-susceptibility and
resistivity measurements. As confirmed by neutro
diffraction experiments,27 single-crystalline grains with a
volume in the order of 400 mm3 and 150 mm3 for x50 and
0.15, respectively, have been obtained. X-ray powder
fraction has revealed that for both compounds the as-gr
crystalline materials are of the same phase as the polyc
talline starting materials. The lattice parameters have b
determined by x-ray powder diffraction. Forx50, we found
a53.9394 Å, c512.1557 Å for the as-grown crystallin
material, slightly smaller thana53.9419 Å, c512.1618 Å
for the sintered polycrystalline starting material. Forx
50.15, the corresponding values area53.9416 Å, c
512.0552 Å, and a53.9419 Å, c512.0669 Å, respec-
tively. These values are in good agreement with the p
lished data~see, e.g., Ref. 1!. Ac-susceptibility measure
ments on as-grown crystalline Nd1.85Ce0.15CuO42y samples
showed a broad superconducting transition with an on
temperature at about 16 K. This transition temperature
confirmed by resistivity measurements where a metallic
havior of the resistivity in the temperature range above
superconducting transition has been found. These results
ply that the as-grown crystalline material is oxygen-defici
~see, e.g., Ref. 1!. After an additional oxygen-reduction trea
ment at 900 °C for 12 h in flowing nitrogen, the crystallin
sample shows a superconducting transition with an on
temperature at 20 K, the same temperature as observed
for the starting material after a similar oxygen-reduction a
nealing. No attempt was undertaken to determine the ac
oxygen content in any of our samples. EPMA results ha
revealed that the composition of the as-grown crystall
sample is in close agreement with that of the starting po
crystalline material. Other details of the crystal growth a
characterization will be published elsewhere.26

For the specific-heat measurements, single crystals w
mass of 276 mg forx50 and 250 mg forx50.15, were cut
from the last part of the as-grown boules. The zero-fi
specific heat was measured by an adiabatic method from
to about 140 K. The measurements in magnetic fields w
carried out for the low-temperature region between 0.3 an
K by the same adiabatic method in fields from 0 to 8 T. W
the magnetic-field direction in theab plane, actually along
the @110# direction as evidenced by a neutron-diffractio
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experiment,28 the specific heat has been measured at fi
strengths up to 8 T. In case the field direction is parallel
the c axis, we have carried out the measurement only
field strengths of 2 and 4 T. In our attempt to carry out t
measurement on the undoped crystal (x50) at 6 T with this
orientation of the applied field, the sapphire plate used as
sample holder was broken due to the torque exercised by
magnetic field on the sample.

In order to obtain an impression of the accuracy of o
experimental method, the results of specific-heat meas
ments on a 1 g 4Ncopper sample were compared with li
erature values.~Nowhere in the temperature range 1.2–20
the specific heat of this copper sample exceeds the spe
heat of the Nd22xCexCuO42y samples used in our exper
ment. In the range 1.2–4 K, where the specific heat of
samples goes through the maximum to be analyzed in
present paper, the specific heat of this copper sample is
than 5% of that of our samples. When measuring o
samples the empty-holder contribution to the specific hea
less than 1%.! The accuracy of the measurement on the c
per sample turned out to be better than 1% in the tempera
range 1.2–20 K, and becomes worse above 20 K due
radiation losses.

III. EXPERIMENTAL RESULTS

A. Zero-field specific heat

In Fig. 2, we show the zero-field specific heat of t
Nd22xCexCuO42y single-crystalline samples in the temper
ture range up to 30 K. In close agreement with the res
published on polycrystalline samples,20–24the zero-field data
for the Nd2CuO42y single crystal show a maximum of 3.4
J/~K mol-Nd! near 1.6 K. For the sample withx50.15, the
maximum is suppressed considerably to 2.53 J/~K mol-Nd!
and shifted to about 1.1 K. Furthermore, the curve is d
matically broadened. For low temperatures, below 4 K, s
the specific heat is interpreted mainly as a Schottky cu
connected with the splitting by the molecular field of th
ground-state doublet of the Nd31 ion. In the temperature
range above 4 K, there are certainly other contributio
~from the electronic system and lattice! to the measured spe
cific heat—also for our undoped crystal.

Our interpretation of the specific-heat results is confirm
by recent high-resolution neutron-scattering experimen27

on single-crystalline samples prepared from the sa
batches. In these experiments, in the undoped compoun
excitation at about 0.39 meV has been found that is ascri
to the splitting of the ground-state doublet due to the mole
lar field; for the doped compound, the observed excitation
shifted down to around 0.2 meV and substantially broa
ened.

We found that the specific-heat data for our sing
crystalline sample withx50 in the temperature range up to
K are in close agreement with those reported on polycrys
line samples in Refs. 20 and 23. In the temperature ra
above 10 K, our specific-heat data are considerably hig
than those reported therein.

The maximum specific heat of our crystal withx50.15,
however, is obviously higher than that reported in Refs.
and 23, although the positions of the maximum of t
specific-heat curves agree quite well. We obtained the s
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FIG. 2. Experimental specific heat of the Nd22xCexCuO42y single crystals~per mole Nd ions! in zero applied magnetic field in the
temperature range between 0 and 30 K~y indicates the oxygen deficiency!. The inset shows the difference between the specific-heat dat
thex50.15 compound, measured on our single-crystalline sample, and on polycrystalline samples of Ghamatyet al. ~Ref. 20! and Brugger
et al. ~Ref. 23!.
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specific-heat curve on another single-crystalline sample
about 400 mg cut from another part of the same batch.
the temperature range from 2 up to 15 K, however, our d
measured on both samples of the doped crystal agree
with those reported on polycrystalline samples in Refs.
and 23~see inset of Fig. 2!.

B. Specific heat in applied magnetic field

Figures 3~a!, 3~b!, 4~a!, and 4~b! present the results of ou
low-temperature specific-heat measurements in magn
fields for the two Nd22xCexCuO42y single crystals. The

FIG. 3. Experimental specific heat of single-crystalli
Nd2CuO42y ~per mole Nd ions! in magnetic fields applied paralle
~a! and perpendicular~b! to the crystallographicc axis.
of
or
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specific-heat data exhibit a highly anisotropic behavior w
respect to the magnetic-field effect.

For the undoped sample, in case the field is applied p
allel to thec axis @Fig. 3~a!#, theC(T) curves obtained at 0
2, and 4 T show only minor differences: the curve becom
slightly broader with increasing field. With increasing fie
applied perpendicular to thec axis @Fig. 3~b!#, however, the
C(T) curve shifts towards higher temperature and becom
substantially broadened. The maximum of the curve
gradually suppressed when the applied field increases fro
to 6 T. It is raised again at 8 T to reach almost the zero-field

FIG. 4. Experimental specific heat of single-crystallin
Nd1.85Ce0.15CuO42y ~per mole Nd ions! in magnetic fields applied
parallel ~a! and perpendicular~b! to the crystallographicc axis.
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level. The field effect on the specific heat observed her
unambiguously of a nonlinear type.

For the doped crystal, in case the field is applied para
to thec axis @Fig. 4~a!#, the effects of the applied magnet
field exhibit obviously another behavior than for the undop
crystal. At 2 T the maximum of the zero-field specific-he
curve is slightly suppressed, shifted to about 1.2 K and
curve is substantially broadened. At 4 T the maximum is
raised again to the level observed at zero field, shifted
about 1.5 K and the curve is much broader. With the fi
direction perpendicular to thec axis @Fig. 4~b!#, similar ef-
fects are observed, but the suppression and leveling up o
maximum as well as the broadening of the curve with
increasing field are more pronounced. At 4 T, the maxim
specific heat is already increased by more than 10% c
pared to that measured at 0 T. These results show aga
anisotropic and nonlinear behavior of the field effect on
specific heat.

For the doped compound we cannot exclude that the
served field effect in the data measured at 2 and 4 T along
the c axis, is due to small misorientations in the samp
Neutron-diffraction experiments29 have shown that the las
30 mm of the as-grown crystal boule withx50.15 actually
consists of three large grains developing along the gro
@110# direction with theirc axis tilted by some degrees wit
respect to each other. The single-crystalline sample use
the specific-heat experiments was cut from one of th
grains, but the inclusion of small parts of the other gra
cannot be excluded.

IV. MODEL CALCULATIONS

In the present paper we concentrate on the magnetic
C of the specific heat, calculated according to

C52NT]2F/]T2, ~4.1!

whereN is the number of Nd ions in the sample, andF(T)
52kBT lnZ the single-ion free energy, withZ(T)
5( i 51

10 e2Ei (T)/kBT the partition function corresponding to
single Nd ion. The calculation along this line is justified b
our model that is defined by the following characterist
~assumptions, approximations, etc.!.

~1!. We base our considerations on the noncollinear s
structure shown in Fig. 1. This structure has be
proposed3–6 for Nd2CuO42y in the absence of an applie
field. The 4 distinct directions of the Cu moments divide t
Cu subsystem into 4 interpenetrating simple tetragonal
sublattices within each of which the Cu moments have
same orientation. The primitive unit cell of each sublatt
contains one Cu ion and is rotated by 45° with respect to
chemical unit cell, having a factor of& larger basal axes. In
a similar way, the Nd subsystem is divided into 4 sublattic
each with the same primitive unit cell as defined for the
sublattices but containing two Nd ions rather than one.
assume that this division of the Nd subsystem into 4 sub
tices according to the orientation of the Nd moments rema
the same for the two directions of the applied field for whi
our model is worked out below.

~2!. Just like in the family of R2CuO4 compounds, the Cu
moments in Nd2CuO4 order antiferromagnetically in theab
plane at a high Ne´el temperature2–7 ~in the order of 250 K!.
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From this, we conclude that the exchange interaction
tween certain pairs of Cu ions is so strong that we can m
the approximation that in all applied fields of interest in t
present paper, the Cu moments keep their strict antife
magnetic order in the CuO2 planes. Moreover, we assum
that the Cu moments remain parallel to these planes. T
implies that the Cu moments stay strictly perpendicular to
applied fields along thec axis. As a further approximation
we assume that the same holds for fields applied in theab
plane that are not too small. In this case a rotation is nec
sary, in half of the CuO2 planes, of the moments over 90
with the antiferromagnetic order preserved.~Neglecting a
possible in-plane anisotropy of the Cu subsystem, suc
rotation does not seem to be too difficult in view of th
antiferromagnetic ordering of the Cu moments in the Cu2
planes that results in a zero net interaction between ne
boring planes.! This approximation implies that for the ca
culation of the~magnetic part of the! specific heat it suffices
to consider the system of the Nd ions. Apart from the appl
field and the crystalline electric field, each ion in this syste
is subjected to an additional constant~molecular! field origi-
nating from the exchange interaction with the system of
Cu moments.

Considering the ferromagnetic order in the Nd2Cu chains
along thec axis and the zero net interaction with one of t
neighboring CuO2 planes, the larger part of this molecula
field is probably due to a~ferromagnetic! interaction of the
Nd ion considered, with the neighboring Cu ion on the sa
chain.

~3!. Apart from the 2-ion exchange of the Nd subsyste
with the Cu subsystem~leading to the constant molecula
field considered in characteristic 2!, we also assume a 2-io
exchange within the Nd subsystem. We use a mean-fi
approximation to rewrite the Hamiltonian for the system
N exchange-coupled Nd ions, as a sum ofN single-ion
Hamiltonians of the form:

H5HCEF1gNdmBJ•~Bappl1Bmol
Nd-Cu1Bmol

Nd-Nd!1Ecorr.
~4.2!

This Hamiltonian operates in the 10-dimensional Hilb
space corresponding to the energetically lowest lyingJ5 9

2

multiplet of the free Nd31 ion. In Eq. ~4.2! gNd5
8
11 is the

Landég factor of the Nd ion~so, the magnetic-moment op
erator of the Nd ion is given bymNd52gNdmBJ!, and

HCEF5B2
0O2

01B4
0O4

01B6
0O6

01B4
4O4

41B6
4O6

4 ~4.3!

is the Hamiltonian corresponding to the crystalline elect
field, in terms of the Stevens operatorsOn

m and the CEF
parametersBn

m . Furthermore,Bmol
Nd-Cu andBmol

Nd-Nd in Eq. ~4.2!
are the molecular fields at the Nd ion considered, due to
Nd-Cu and Nd-Nd two-ion interactions, respectively. B
characteristic 2 we take, in accordance with other authors5,22

the molecular fieldBmol
Nd-Cu as constant, in particular as inde

pendent of the temperature. The molecular fieldBmol
Nd-Nd will

be considered under characteristic 4 below. Finally,Ecorr

5 1
2 Bmol

Nd-Nd
•mNd is a corrective additive ‘‘constant’’ that ap

pears as ac number in the mean-field approximation at th
reduction of the original Hamiltonian for the system ofN
exchange-coupled Nd ions, into a sum ofN single-ion
Hamiltonians.
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~4!. The magnetic moment of any Nd ion is given b
mNd52gNdmB^J&, where ^J& is the statistically average
expectation value. In Eq.~4.2!, the molecular fieldBmol

Nd-Nd is
a function of the different magnetic momentsmNd that occur
in the Nd subsystem. By characteristic 1, the number of
ferent Nd moments is restricted to 4~one for each Nd sub
lattice!. In this way we obtain a system of 4 coupled Ham
tonians of the form~4.2!, each representing the typical N
ion of one of the 4 Nd sublattices. In each of the 4 Hamil
nians, the vectors forBmol

Nd-Cu and Bmol
Nd-Nd are different. For

Bmol
Nd-Cu, the 4 vectors occurring in the different Hamiltonia

are related by simple symmetry transformations of the pr
lem. This follows from characteristic 2 concerning the orie
tation of the ions in the Cu subsystem; for example, forBappl
along thec axis, successive rotations over 90° about thec
axis of Bmol

Nd-Cu as it occurs in one of the Hamiltonians, yie
the values ofBmol

Nd-Cu in the other~three! Hamiltonians. There
is no fundamental reason why similar relations should h
for the molecular fieldsBmol

Nd-Nd that occur in the different
Hamiltonians. The vectorBmol

Nd-Nd in each Hamiltonian is a
function of the value of the magnetic momentsmNd in the Nd
sublattice connected with the Hamiltonian, and of themNd
vectors of the other three sublattices. It seems quite poss
that there exist self-consistent diagonalizations of the sys
of the 4 coupled Hamiltonians in which the 4mNd vectors
~and therefore the molecular fieldsBmol

Nd-Nd! are not related by
simple symmetry transformations. The fourth characteri
of our model is now, that we shall restrict ourselves to tho
self-consistent diagonalizations in which the connection
symmetry between themNd occurring in the four Hamilto-
nians does exist. This restriction enables us to perform
self-consistent diagonalization of the system of 4 Hamil
nians by means of a self-consistent diagonalization of on
single Hamiltonian, the one connected with sublattice 1, s
If we consider this Hamiltonian, the molecular fieldBmol

Nd-Nd

can be written as a function of the momentmNd of the typical
Nd ion of the same sublattice. The self-consistent diago
ization is reached after an iterative process: the calcula
magnetic moment2gNdmB^J& has then obtained the sam
value as the input parametermNd . How the restriction is
incorporated in the model in detail, will be given presen
~see the models with 4 and 2 Nd-moment directions belo!.
We note that it is the restriction in characteristic 4 on t
self-consistent diagonalizations considered, which justi
that the numberN of Nd ions occurs as a coefficient in Eq
~4.1!.

All our calculations have been based on the model defi
by characteristics 1–4. According to characteristic 1, th
are 4 distinct Nd sublattices, denoted 1, 2, 3, and 4 in Fig
The model works out in two different ways, depending
the orientation of the applied field.

The model with 4 Nd-moment directions: Bappli c axis
(5z axis). In this case~this includes the case of zero applie
field!, we consider the four Nd sublattices mentioned in ch
acteristic 1. Concentrating on sublattice 1~Fig. 1!, and taking
Bmol

Nd-Cu at the position of the ions of this sublattice in they
direction, we see that neitherBappl nor Bmol

Nd-Cu has anx com-
ponent. In combination with the requirements on symme
in characteristic 4, this implies that the Nd moments in s
lattice 1 are given bymR1

5(0, mR1y ,mR1z). The Nd mo-
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ments in the other Nd sublattices are then given bymR2
5

(2mR1y,0,mR1z), mR3
5(0,2mR1y ,mR1z), and mR4

5(mR1y,0,mR1z). Denoting the exchange parameters b

tween the sublattices 1 andi by nRR
( i ) ~e.g.,nRR

(1) describes the
interaction within one Nd sublattice!, the molecular field
Bmol

Nd-Nd is now calculated by simple addition:

Bmol
Nd-Nd5$0,@nRR

~1!2nRR
~3!#mR1y ,@nRR

~1!12nRR
~2!1nRR

~3!#mR1z%,
~4.4a!

from which follows forEcorr in Eq. ~4.2!:

Ecorr5
1
2 Bmol

Nd-Nd
•mR1

5 1
2 @nRR

~1!2nRR
~3!#mR1y

2

1 1
2 @nRR

~1!12nRR
~2!1nRR

~3!#mR1z
2 . ~4.5a!

In deriving Eq.~4.4a! we considered thatnRR
(2) and nRR

(4) are
equal on the basis of the crystal structure~Fig. 1!.

The model with 2 Nd-moment directions: Bappl' c axis.
In caseBappl is perpendicular to thec axis and large enough
~this excludes the case of zero applied field!, we takeBmol

Nd-Cu

perpendicular to the applied field~according to characteristic
2! and, as in the previous case, perpendicular to thec axis
~5z axis!. Ignoring for the moment the in-plane anisotrop
of the Nd subsystem~we will give a brief remark on this in
Sec. VI!, we take for simplicityBappl in the x direction,
hence the direction ofBmol

Nd-Cu is parallel to they direction.
This implies, in combination with the symmetry requir
ments in characteristic 4, that there are only two Cu-mom
directions and two Nd-moment directions: for the sake
definiteness we let the moments in the Nd sublattices 1 an
have the same direction, and the same holds for the mom
in sublattices 3 and 4. In accordance with this model,
assume for the calculation ofBmol

Nd-Nd that the Nd moments in
the 4 Nd sublattices orient themselves according to
scheme: mR1

5mR2
5(mR1x ,mR1y,0) and mR3

5mR4

5(mR1x ,2mR1y,0). Using the same exchange parameters

in the previous model, the molecular fieldBmol
Nd-Nd is calcu-

lated here also by a simple addition:

Bmol
Nd-Nd5$@nRR

~1!12nRR
~2!1nRR

~3!#mR1x ,@nRR
~1!2nRR

~3!#mR1y,0%,
~4.4b!

from which follows forEcorr in Eq. ~4.2!:

Ecorr5
1
2 Bmol

Nd-Nd
•mR1

5 1
2 @nRR

~1!2nRR
~3!#mR1y

2

1 1
2 @nRR

~1!12nRR
~2!1nRR

~3!#mR1x
2 . ~4.5b!

The magnetic specific heatC is calculated according to
Eq. ~4.1!. At each temperature, the 10 energy levelsEi of a
single Nd ion, and hence the free energy, are easily ca
lated by a self-consistent diagonalization of the Hamilton
~4.2! above. We did take into account in our calculations
10 energy levels corresponding toJ5 9

2 . However, we con-
sider that the splitting~in the order of 5 K! of the two levels
originating from the Kramers doublet with the lowest ener
is small compared to the distance~in the order of 175 K! of
the two lowest doublets of a Nd ion~see Sec. VI!. Therefore,
at the low temperatures considered in the present paper,
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the positions of the two levels in the lowest doublet influen
the results of our specific-heat calculations.

It should be noted that neither the model with 4 N
moment directions as described above, nor the model wi
Nd-moment directions can handle applied fields which are
other directions than parallel or perpendicular to thec axis.
This is because for such other field directions the symm
considerations we used in the development of the two m
els are not applicable.

As can be seen from Eqs.~4.4a!, ~4.5a!, ~4.4b!, and
~4.5b!, there are only 2 linear combinations of the exchan
parametersnRR

( i ) that account for the Nd-Nd exchange in o
specific-heat calculations, viz.

nRR
dif :5nRR

~1!2nRR
~3! , ~4.6a!

nRR
sum:5nRR

~1!12nRR
~2!1nRR

~3! . ~4.6b!

V. FITTING RESULTS

A. The undoped crystal „x50…

We performed the following fitting procedure to obtain
combination of parameters that gives an adequate descrip
of the experimental data. Considering the wide spread in
CEF-parameter sets proposed so far,9–13,17the first step was
to choose an adequate set of CEF parameters. For this ch
we required that the set should reproduce reasonably wel
anisotropic behavior of the field effect as observed in
specific-heat measurements, i.e.,~almost! no shift of the
~maximum of the! specific-heat curve for fieldsBappl applied
along thec axis, and a substantial shift for fields applied
the ab plane. We carried out the specific-heat calculatio
using all CEF-parameter sets published so far,9–13,17 while
ignoring the Nd-Nd exchange interaction~so Bmol

Nd-Nd50, and
no iterations!. Using a nonzero value forBmol

Nd-Cu ~Bmol
Nd-Cu

52.1 T and oriented in theab plane; otherwise~almost! no
splitting of the ground-state doublet was achieved
Bappli c axis!, we found26 that only the sets published b
Boothroydet al.,10b Muzichkaet al.,12 and Jandlet al.,17 re-
produce the anisotropic behavior mentioned. Considering
similarity of these three CEF-parameter sets, we made
arbitrary choice and used the set of Jandlet al. in our further
analysis below: B2

051.513 K, B4
050.1185 K, B6

05

20.734531023 K, B4
4520.722 K, and B6

45256.6

FIG. 5. Experimental~open circles! and calculated~solid line!
specific heat of single-crystalline Nd2CuO42y in zero applied mag-
netic field.
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31023 K. ~Note that the CEF parameters of Ref. 17 a
given here in Stevens-operator notation; see Ref. 30 for
conversion relations.!

It is self-evident~in view of the splitting of the ground-
state doublet compared to the distance of the next doub!
that in our calculations the maximum in the specific-he
curve is constant for all applied-field strengths as long as
ignore the Nd-Nd interaction. This maximum is about 7.5
higher than the one measured at zero applied field. Furt
more, in these calculations the shift of the position of t
maximum under the influence of an applied magnetic field
the ab plane, is much larger than the one experimenta
found ~for the different fields applied along thec axis the
calculated curves essentially coincide!.

As mentioned in Sec. IV, in our approach there are onl
parameters that account for the Nd-Nd exchange, viz.,nRR

dif

andnRR
sum, given by Eqs.~4.6a! and ~4.6b!, respectively. For

zero Bappl, the model with 4 Nd-moment directions applie
and, since in this casemR1z50, we derive from Eqs.~4.2!,
~4.4a!, and~4.5a! that, apart from the CEF parameters chos
already above, the only parameters to be adjusted are~the
strength of! Bmol

Nd-Cu ~that we take in they direction! andnRR
dif .

The solid line in Fig. 5 shows the best fit. This fit has be
calculated usingBmol

Nd-Cu52.7060.05 T and nRR
dif 520.37

60.02 (Nd-ion T)/mB .
Using the same values for these parameters in the ca

lation of the specific heat for nonzeroBappl' c axis, we only
have to adjust the remaining parameternRR

sum to fit the experi-
mental curves. In this case, as explained in Sec. IV,
model with 2 Nd-moment directions applies. Figure 6~b!
shows the best fit found withnRR

sum522.7560.05 (Nd-ion
T)/mB for the experimental data measured atBappl54, 6, and
8 T. We note that using the same values forBmol

Cu2Nd ~2.70 T!,
nRR

dif @20.37 (Nd-ion T)/mB#, and nRR
sum @22.75 (Nd-ion

FIG. 6. Experimental~isolated points! and calculated~solid
lines! specific heat of single-crystalline Nd2CuO42y in different
magnetic fields applied parallel~a! and perpendicular~b! to the
crystallographicc axis. In Fig. 6~a! the calculated curves for ap
plied fields of 0, 2, and 4 T coincide.
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T)/mB#, in the calculations just described forBappl ix axis,
the iteration in diagonalizing self-consistently the Ham
tonian ~4.2! did not converge withBappl52 T. The iteration
did not converge either in the temperature range below 1.
for Bappl54 T when usingnRR

sum522.80 (Nd-ion T)/mB , i.e.,
only a slight change innRR

sum. Apparently, a stable solution
with 2 Nd-moment directions does not exist for fields of su
small strength applied in thex direction. Finally, we note
that the calculations with the same parameters as mentio
above for fields of 2 and 4 T applied along thec axis, have
resulted in curves that essentially coincide with the one
tained forBappl50 T @Fig. 6~a!#.

B. The doped crystal„x50.15…

In the undoped compound we have essentially only
type of Nd ions: each single-ion Hamiltonian has the sa
form and the same values of the parameters, apart from
molecular-field vector parameters that are related by sim
symmetry transformations if the Nd ions belong to differe
sublattices~cf. Sec. IV, characteristic 4!. In contrast to this,
the Nd ions in Nd1.85Ce0.15CuO42y are expected to have var
ous environments with, for example, a different number a
different positions of Ce neighbors. This implies that the
are many inequivalent types of Nd sites in the doped co
pound. In any fitting procedure, all these different types
Nd ions have to be incorporated with the correct weight a
the typical CEF-parameter set. Moreover, one has to e
into the fundamental question whether the sets of C
parameter values published in the literature9,10,18,31concern-
ing Nd1.85Ce0.15CuO42y, are able to describe the crystallin
electric field at all, considering that the sets of adjusta
parameters are not consistent with the point symmetry
most Nd ions in Nd1.85Ce0.15CuO42y . After brushing aside
this objection, here it is much less obvious which choice is
be made out of the CEF-parameter sets proposed, tha
case of the undoped compound. This is also because
observed anisotropy of the magnetic-field effect on the s
cific heat in the doped compound shows quite another be
ior than in the undoped compound.

As regards the experimental findings by now, we ment
that on another single-crystalline sample cut from the sa
batch as ours, Loewenhauptet al.27 have observed in INS
experiments excitations of the Nd ground-state doublet
suggest a distribution of the molecular field on the Nd sit
Furthermore, we recall Jandlet al.,18 who proposed the ex
istence of three inequivalent Nd sites to explain the spe
observed in their Raman-scattering experiments on sin
crystalline Nd1.85Ce0.15CuO42y .

As mentioned in Sec. II, our specific-heat measureme
have been performed on an as-grown sample that show
broad superconducting transition at about 16 K. With resp
to the magnetic configuration of the Nd ions, we referred
Ref. 7 already in Sec. I to mention that the long-range or
of the Cu moments is destroyed in the superconducting c
pound withx50.15. However, we always expect short-ran
order from which it seems reasonable to assume that
magnetic configuration looks like the one in the undop
compound. On the other hand, we refer to the neutr
diffraction experiments of Matsudaet al.,32 where long-
range antiferromagnetic order of the Cu moments has b
K
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observed belowTN5160 K in ~nonsuperconducting! as-
grown single crystals of Nd1.85Ce0.15CuO42y that were pre-
pared by the TSFZ-method, in a similar way as ours. T
authors reported that, even after an appropriate oxyg
reduction annealing procedure, inclusions of 10% to 30%
a coexisting antiferromagnetic phase were found to persis
the superconducting samples.

Above we pointed out that any fitting procedure shou
treat all inequivalent types of Nd ions that occur
Nd1.85Ce0.15CuO42y with the appropriate weights, treatin
among other quantities the CEF parameters of each Nd
type as adjustable. Consequently, an enormous numbe
fitting parameters has to be taken into account. Under th
circumstances, the values of the fitting parameters used
reproducing the experimental data cannot be claimed to h
any reasonable physical meaning. As can be expected f
these considerations, we failed to fit the zero-field data
long as we based the calculations on the same model—
only one single type of Nd ions—as applied for the undop
compound, using any of the CEF-parameter sets propo
for the doped compound in the literature.9,10,18,31

We have also attempted to describe the experimental
by a phenomenological treatment based on a Gaussian
tribution of the molecular field without taking into accou
the Nd-Nd interaction. By adjusting the parameters for
Gaussian molecular-field distribution, we could simult
neously reproduce—albeit not very satisfactorily—the d
measured in zero field as well as at 8 T applied in theab
plane, but failed to fit the data obtained at other fields.

In order to give an idea of the consequences of ignor
the objections raised above against such an approach in
case of the doped compound, we present some results
tained using parameter values published in the literature.
fitting procedure applied was based on the three inequiva
types of Nd ions, I, II, and III, with the correspondin
weightsw50.37, 0.46, and 0.17, respectively, and the c
responding CEF-parameter sets proposed by Jandlet al.18

Proceeding along the same lines as for the undoped c
pounds, we derived from the zero-field specific-heat data
ues of the fitting parametersBmol

Nd-Cu andnRR
dif for each of the

three inequivalent types of Nd ions. Figure 7 shows the b
fit we found. Using the same values for these parameters
adjusted for each type of Nd ions the corresponding value
the fitting parameternRR

sum in order to fit the experimental dat
obtained at the different nonzero fields applied perpendic

FIG. 7. Experimental~hatched circles! and calculated~solid
line! specific heat of single-crystalline Nd1.85Ce0.15CuO42y in zero
applied magnetic field.
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to the c axis. The best fitting results of the calculations a
shown in Figs. 8~a! and 8~b! for fields applied parallel and
perpendicular to thec axis, respectively. These results ha
been obtained with the parameters given in Table I. T
calculated curves for 2 and 4 T in Fig. 8~b! are missing
because the computer program failed to function for th
fields ~very slow convergence or no convergence at all
iteration!.

VI. DISCUSSION

As suggested by the noncollinear spin structure descr
in Fig. 1, for zero applied field the molecular field,Bmol

Nd-Cu, is
pointing in a^100& direction. In agreement with this sugge
tion, we took in our calculations the direction ofBmol

Nd-Cu par-
allel to they direction for anyBappl ic axis ~including Bappl
50!. In the actual experiment we applied the field, if o
ented in theab plane, along â110& direction. In contrast to
this, the computer program was written forBappl in the x
direction in the model with 2 Nd-moment directions, i.e., w
performed all calculations whereBappl' c axis, withBappl in
a ^100& direction. The results of our calculations would pr

FIG. 8. Experimental~isolated points! and calculated~solid
lines! specific heat of single-crystalline Nd1.85Ce0.15CuO42y in dif-
ferent magnetic fields applied parallel~a! and perpendicular~b! to
the crystallographicc axis.
e

e
n

d

sumably not have been different if in our calculationsBappl

would have been along â110& direction~andBmol
Nd-Cu perpen-

dicular to it in theab plane!. Indeed, when we ignore th
Nd-Nd interaction, the calculations yield essentially the sa
results for any orientation of the applied field in theab plane
with the fixed configurationBappl' Bmol

Nd-Cu.26

Following other authors, see, e.g., Refs. 22 and 23,
interpret our experimental specific-heat curves as Scho
curves connected with the two energy levels of the grou
state doublet of the Nd ions. Accordingly, the experimen
results on both crystals indicate that the magnetic field
applied in theab plane, has the tendency to enhance
splitting of the ground-state doublet. This results in scal
up the specific-heat curve towards higher temperature.
can be noticed from our calculations, the Nd-Nd interact
counteracts this effect of the applied field. Furthermore,
specific-heat maximum is suppressed and the curve is br
ened by the Nd-Nd interaction. Below we shall explain w
the Nd-Nd interaction has these effects.

A. The undoped crystal „x50…

Expressing our experimental results on the Nd2CuO42y
crystal in terms of the splittingDE of the ground-state dou
blet, the magnetic field has an anisotropic effect on this sp
ting: the magnetic field, if oriented along thec axis, has
only a subtle effect onDE and a substantial one if oriented i
the ab plane. This is confirmed by our calculations in Se
V A. Using the CEF-parameter set of Jandlet al.,17 we
found: DE/Beff

Nd50.026 K/T and 1.841 K/T for the effec
tive magnetic fieldBeff

Nd at the Nd site parallel and perpen
dicular to thec axis, respectively.~These two values turn ou
to be about constants at all strengths ofBeff

Nd in the range of
interest in the present paper.! We note, however, that withou
any effective field our calculation with this CEF-parame
set gives an energy-level scheme with the five doublets:
185, 352, 405, and 1121 K, for the Nd31 ion in the 4I 9/2
lowest multiplet. This deviates considerably from the o
found in INS measurements:33 0, 174, 242, 313, and 110
K. One should realize that the parameter set of Jandlet al.
was derived to be used in many-multiplet calculation
whereas we used the set in a lowest-multiplet calculati
Our approach is justified by considering that for low tem
peratures only the lowest doublet~of the lowest multiplet! is
relevant in our specific-heat calculations.

Our fitting procedure in Sec. V A yieldedBmol
Nd-Cu52.70 T

~corresponding toDE55.0 K!, which value can be used t
-
ee Ref.
this
TABLE I. Fitting parameters~CEF, exchange and weight! for the three types of Nd ions in
Nd1.85Ce0.15CuO42y ~sites I, II, and III, Ref. 18; see Sec. V B for details! used in the calculations corre
sponding to Fig. 8.~The CEF parameters of Ref. 18 are presented here in Stevens-operator notation; s
30 for the conversion calculations.! For comparison the fitting parameters used in and resulting from
work for Nd2CuO42y ~see Sec. V A! are also shown.

B2
0

~K!
B4

0

~mK!
B6

0

~mK!
B4

4

~K!
B6

4

~mK!
Bmol

Nd-Cu

~T!
nRR

dif

@~Nd-ion T)/mB#
nRR

sum

@~Nd-ion T)/mB# w

Site I 22.57 125.13 21.44 20.733 253.2 0.80 20.05 22.00 0.37
Site II 0.81 124.08 20.86 20.728 256.4 2.35 20.24 22.70 0.46
Site III 1.94 130.07 20.45 20.827 0.00 0.75 20.05 21.60 0.17
Nd2CuO42y 1.51 118.50 20.73 20.722 256.6 2.70 20.37 22.75 1.00
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describe all our specific-heat curves. In our calculations
assumedBmol

Nd-Cu to be independent of temperature. Since
effective fieldBeff

Nd , at any Nd position is the vector sum o
Bappl, Bmol

Nd-Cu and Bmol
Nd-Nd, the splitting of the ground-stat

doublet would also be independent of the temperature
there was no Nd-Nd interaction. A simple Schottky cur
with the standard, field-independent value of 3.652 J/~K mol-
Nd! for the maximum would be the result. Now we consid
what effects the Nd-Nd interaction has. In our calculatio
we found that the Nd moment decreases on increasing
temperature. Because of this and in view of the signs of
parametersnRR

dif andnRR
sum, which have both been found to b

negative, we derive from Eq.~4.4b! that the strength of the
effective field at the Nd ion, and hence the splittingDE ~we
remind thatDE/Beff

Nd is about a constant!, increases with in-
creasing temperature. This results in a lowering of the ma
mum and broadening of the specific-heat curve. To pu
quantitatively: our calculations at 0.2 K and in zero appli
field yield the value 1.39mB for the Nd moment, which cor-
responds to a value of 0.51 T forBmol

Nd-Nd and a decrease o
Beff

Nd by this value. The corresponding values at 1.5, 4.2,
7.5 K are 1.23mB ~corresponding to 0.46 T!, 0.69mB ~corre-
sponding to 0.26 T!, and 0.44mB ~corresponding to 0.16 T!,
respectively. In our calculations, the splitting of the groun
state doublet at the four temperatures mentioned are 4
4.14, 4.50, and 4.68 K, respectively. The value 4.14 K at
K for DE is in good agreement with the value 0.35 me
(54.06 K), derived from INS experiments.9 The splitting
DE54.03 at 0.2 K, however, deviates somewhat fromDE
50.39 meV (54.5 K) at 0.5 K, observed in an INS exper
ment by Loewenhauptet al.27 on a single-crystalline sampl
of the same batch as ours. The value 1.39mB at 0.2 K is in
good agreement with the value (1.360.1) mB at 0.4 K, re-
ported in neutron-diffraction experiments.2 The values for
the moments at higher temperatures, however, are sig
cantly higher than those found experimentally by other
thors: 0.44mB at 4.1 K ~Ref. 6! and 0.28mB at 8 K.2,34 This
deviation is probably connected with the incorrect ener
level scheme in our calculations mentioned above.

The calculated results of the specific heat of t
Nd2CuO42y single crystal in different applied fields ar
shown in Figs. 6~a! and 6~b!. First concentrating on Fig. 6~a!,
Bappli c axis, the difference between the calculated cur
and the experimental ones in the temperature range abo
K can be attributed to lattice and electronic contributio
According to Brugger et al.23 and Chattopadhyay an
Siemensmeyer,35 the difference between calculated and e
perimental curves in the temperature range below about
K can be accounted for by the nuclear specific heat of
143Nd and 145Nd isotopes.

Next we turn our attention to Fig. 6~b!, Bappl in the ab
plane. Also in this case, we attribute the difference betw
the calculated curves and the experimental ones in the
perature range above 4 K to lattice and electronic contribu
tions. As noted in the previous section, a calculated 2
curve is missing in this figure, because the computer p
gram failed to produce a self-consistent solution for t
field.

The computer program searches for such solutions
allow only two possibilities for the Nd moment, the tw
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allowed vectors being equal and having symmetrical ori
tations with respect to the applied field. Apparently, at su
low fields, stable configurations with only 2 values of the N
moments are not compatible with the crystalline electric fi
and exchange interactions involved. However, using
same computer program, we found solutions for fields ab
4 T. Furthermore, we also found for zero field~using the
computer program handling any value of the applied fi
along thec axis! a solution with 4 Nd-moment directions
These considerations lead to the conclusion that our calc
tions in some sense reproduce what was found experim
tally by Chernyet al.,5 namely, a first-order phase transitio
at about 4.4 T in magnetization measurements at a temp
ture of 0.7 K, in fields applied along thea axis. At this field
the low-field configuration with 4 Nd-moment direction
abruptly changes into the high-field configuration with 2 N
directions.

An approach that can be considered as closely conne
to ours, in the sense that the fitting parameters can be tr
lated into the parameters used in the present paper, has
given by Adelmannet al.22 In order to explain theoretically
their zero-field experimental specific-heat data of polycr
talline Nd2CuO42y , they have treated each Nd ion as a tw
level system, rather than the ten-level system of our analy
The very low temperatures involved justify the approach
Adelmannet al. that leads—for zero applied field only, se
below—to a very elegant description by isolating just t
essentials of the assumptions we made in the underlying
per. These authors proposed a splitting of the Nd31 ground-
state doublet according to

DE5D012BNdmNd5D012BNdm0
Nd tanhS 1

2

DE

kBTD .

~6.1!

~In our opinion the coefficient12 in the argument of tanh~ ! is
erroneously missing in Ref. 22.! Equation~6.1! consists of a
temperature-independent contributionD0 due to the Nd-Cu
interaction and a temperature-dependent contribution pro
tional to mNd, the moment of the Nd ion. If we consider th
system of a single Nd ion as a doublet, the latter contribut
is proportional to tanh(DE/2kBT) with a coefficient 2BNdm0

Nd

due to the Nd-Nd interaction. For each fixed combination
parametersD0 and 2BNdm0

Nd , Eq. ~6.1! yields a self-
consistent solution forDE as a function of the temperatur
T, which enables the determination of the correspond
specific heat. Adelmannet al. found that the valuesD0

54.5 K and 2BNdm0
Nd520.8 K give the best agreemen

with their measured zero-field specific-heat data. It is eas
derive the analogue of Eq.~6.1! in terms of the analysis
described in Sec. IV. For the~almost temperature
independent! expectation values of the Nd moment in th
two states of the ground-state doublet, our calculatio
yielded mlow

Nd 51.39mB and mhigh
Nd 521.35mB . The splitting

of the ground-state doublet being given byDE5(mlow
Nd

2mhigh
Nd )Beff

Nd , we derive the value DE/kBBeff
Nd5(mlow

Nd

2mhigh
Nd )/kB51.84 K/T found before. In our analysis, a fo

mula similar to Eq.~6.1! is now derived as follows:



nt
t-
e-
c
n
a
K

in
to
un
a

o

a
y
e

s
uc
o

ls

hi
e
th

uit
a
.5
ll
he
t

d

e-
i

d-
ing

tis-
he

ced

htly
rast

For
ally
sug-
eri-

s of
r in
be

riva-
r a

n-
d by
tal

these
eld
s

tors

fic
d
e-
On
rom

of
revi-
the
and
Nd
our
h is
to

he
of

me
. 9,
at 8
es
on-
m-
ific-

ed
and
un-
ves
and
out

57 5915LOW-TEMPERATURE SPECIFIC HEAT OF . . .
DE5
DE

Beff
Nd ~Bmol

Nd-Cu1Bmol
Nd-Nd!5

DE

Beff
Nd ~Bmol

Nd-Cu1nRR
dif mNd!

5
DE

Beff
Nd H Bmol

Nd-Cu1nRR
dif F1

2
~mlow

Nd 1mhigh
Nd !

1
1

2
~mlow

Nd 2mhigh
Nd !tanh S 1

2

DE

kBTD G J
5

DE

Beff
Nd FBmol

Nd-Cu1
1

2
nRR

dif ~mlow
Nd 1mhigh

Nd !G
1

1

2

DE

Beff
Nd nRR

dif ~mlow
Nd 2mhigh

Nd !tanh S 1

2

DE

kBTD . ~6.2!

Like in Eq. ~6.1! we see two terms. Unlike in the treatme
of Adelmannet al., in our analysis the first term in the righ
hand side of Eq.~6.2! contains a small, weakly temperatur
dependent contribution originating from the Nd-Nd intera
tion. Using the values given before, this contribution tur
out to be negligibly small. For the first term we obtain
value of 5.0 K, which is to be compared with the value 4.5
Adelmannet al. found forD0 . For the coefficient of tanh~ !,
we find 20.93 K, to be compared with the value20.8 K
Adelmannet al. found for 2BNdm0

Nd . Adelmannet al. ap-
plied the same approach to fit the specific-heat data obta
in an applied field of 4.4 T. Although the authors claim
reproduce reasonably well the experimental data, they fo
values for the parameters that differ from those found
fitting the zero-field data. Moreover, they found a value
only 0.85mB for the Nd moment, which is significantly
smaller thanmlow

Nd 51.39mB , found in our calculations, and
than 1.3mB , reported in neutron-diffraction studies.2,34 In
our view this result of Adelmannet al. for nonzero applied
field is not satisfactory. We explain this by considering th
~i! Adelmannet al. did not take into account the anisotrop
of the effect of an effective field on the splitting of th
ground-state doublet, and~ii ! in contrast to other
experiments4,5 and to our approach, the authors did not ba
their calculation on the fundamental assumption that at s
a high applied field, in any part of the material the Cu m
ments orient themselves in such a way thatBmol

Nd-Cu andBappl

are perpendicular.
The Nd-Nd interaction in the undoped compound has a

been studied by Thalmeier36 and by Henggeleret al.37 In
these studies, a spin-wave theory was developed in w
four different Nd-Nd interactions were considered rath
than three, as in our approach. The authors claim that
spin-wave theory could describe their INS experiments q
well. However, the splitting of the ground-state doublet,
far as it is due to the Nd-Cu interaction, was found to be 0
meV, which corresponds to 6.8 K and differs substantia
from our result of 5.0 K. The values they reported for t
four Nd-Nd exchange constants cannot be compared with
three constants in our treatment, because they considere
isotropic exchange, described by tensors.

B. The doped crystal„x50.15…

As mentioned in Sec. V B, we have in our fitting proc
dure to account for the existence of inequivalent Nd ions
-
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Nd1.85Ce0.15CuO42y . Based on that assumption we consi
ered the three types of Nd ions with the three correspond
CEF-parameter sets proposed recently by Jandlet al.18

As is clear from Figs. 7, 8~a!, and 8~b!, the calculations
with the parameters derived in Sec. V B, give a rather sa
factory description of the zero-field specific-heat data. T
field effect on the specific heat, however, is not reprodu
satisfactorily. In case the field is applied along thec axis, we
note that the calculated specific-heat maxima are slig
higher than observed in the experiments. This is in cont
to the results for fields applied in theab plane where the
calculated specific-heat maxima are substantially lower.
both field directions, all the calculated curves are essenti
narrower than the corresponding experimental ones. We
gest that at least part of the difference between the exp
mental and calculated specific heat is due to contribution
the electronic and lattice specific heat that might be large
the doped than in the undoped crystal. Also, cerium might
in an intermediate valence state, see, e.g., Ref. 38, or a t
lent state, which could lead to an electronic specific heat o
contribution similar to the one of Nd31 ions, respectively.
There is still another explanation for the difference me
tioned above. One should realize that the results reporte
Jandlet al.18 might be sample-dependent. Indeed, our crys
has been prepared by another method than that used by
authors. We point out, however, that calculations for the fi
of 8 T applied in theab plane, with different sets of value
for the fitting parametersBmol

Nd-Cu, nRR
dif , andnRR

sum, resulted in
essentially the same curve, even at varying the weight fac
for the three types of Nd ions.

By now, there exist theories for the electronic speci
heat in the doped compound.39 On the one hand, Tornow an
co-workers39 pointed out that their model is not able to d
scribe the anisotropy in the field effect in single crystals.
the other hand, we cannot expect to derive conclusions f
our results in the present paper concerning the validity
such theories. This is because, as we explained in the p
ous Sec. V B, we could not give a correct treatment of
magnetic specific heat connected with the system of Nd
Cu ions, considering the large number of inequivalent
ions that occur in the doped compound. Furthermore,
experiments were carried out in a temperature range whic
not low enough to observe the high electronic contribution
the specific heat~the ‘‘linear term’’! in the compound as
reported in Ref. 23 for the polycrystalline material.

We point out again that at increasing applied field, t
detailed features of the Nd-Nd interaction and the weights
the occupancy of the different inequivalent Nd ions beco
less and less important for the calculated curves. In Fig
we show for both compounds the calculated specific heat
T in theab plane. It can be noticed that the calculated curv
essentially coincide for the entire temperature range of c
sideration at this high value of the magnetic field. For co
pleteness, we present in Fig. 9 also the experimental spec
heat curves for both compounds at fields of 4 and 8 T applied
in theab plane. At 4 T, the specific-heat curve of the dop
compound is substantially shifted to higher temperatures
broadened, and the maximum is lower than that of the
doped compound. At 8 T, however, the experimental cur
essentially coincide in the temperature range below 3 K,
the specific-heat maximum of the doped compound is ab
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10% higher than that of the undoped one. These experim
tal results show clearly that the effect of an applied magn
field on the specific heat is quite different in the doped a
undoped compound.

VII. CONCLUDING REMARKS

We have measured the low-temperature specific hea
single-crystalline Nd22xCexCuO42y with x50 and 0.15 in
magnetic fields up to 8 T, applied both parallel and perp
dicular to the crystallographicc axis. The results exhibit a
remarkable anisotropy of the field effect on the specific h
of Nd2CuO42y , which is less pronounced for thex50.15
compound.

We arrived at an adequate description of the specific-h
data measured on the Nd2CuO42y single crystal in different
magnetic fields, applied along different symmetry axes. T
was achieved~Sec. IV! by using a model in which the divi
sion of the Nd system into subsystems with different orie
tations of the Nd moment, is different for the two orient
tions of the applied field considered: 4 and 2 N
subsystems forBappli c axis andBappl' c axis, respectively.
Apart from CEF parameters the model contains three a
tional fitting parameters: one describing the Nd-Cu inter
tion and two, denoted bynRR

dif andnRR
sum, being certain linear

combinations of the three Nd-Nd exchange constants we
troduced for the description of the interaction between
different Nd sublattices in Nd2CuO42y . By using the CEF-
parameter set proposed by Jandlet al.,17 we could find a
single set of values for the other three fitting paramete
which could describe simultaneously all experimental cur
except the one measured for 2 T applied in theab plane.

In Sec. VI we considered the nonconvergence of our co
puter program for small values~i.e., below about 4 T! of the
applied field in theab plane. We pointed out that this i
consistent with the experimental findings of Chernyet al.,5

who observed a first-order phase transition at 4.4 T in m
netization measurements in applied fields along thea direc-
tion.

We want to emphasize that our model is such that m
suring the specific heat in zero field does not give all inf
mation on the Nd-Nd exchange: it only yields the para

FIG. 9. Calculated specific heat of single-crystalli
Nd22xCexCuO42y ~with x50: dashed line, andx50.15: solid line!
at a magnetic field of 8 T applied perpendicular to the crystallo
graphic c axis. Also shown is the experimental specific heat~x
50: open symbols, andx50.15: hatched symbols! at 4 T and 8 T
applied in the same direction.
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eter nRR
dif . Measurements in nonzero field~in the ab plane!

turn out to be necessary to obtain additional information, i
the parameternRR

sum. Even this is not all: the analysis w
performed of our specific-heat measurements, determ
only two relations between thethree Nd-Nd exchange con-
stants. It is quite possible that a third relation would be giv
by an analysis of the curve measured at 2 T in theab plane,
which curve has not been analyzed in the present pape
lack of an appropriate model. As may be inferred from t
discussion in Sec. VI, such a model should describe confi
rations with 4 rather than 2 different directions of the N
moments.

It should be noted that we applied many models, wh
were simpler than the model discussed in the present pa
Among these simpler models was, for example, a model w
the same single-ion Hamiltonian for all Nd ions, i.e., tru
the same, not only apart from symmetry transformations.
such simpler models we could find combinations of para
eters that describe well the specific-heat curve at 0 T,
also the very similar curves for fields along thec axis. How-
ever, the same parameters turned out to be completely i
equate to give a correct description for the curves at field
the ab plane.

The nature of the anisotropy of Nd2CuO42y is a crucial
point in understanding this material. In contrast to the ana
sis given in the present paper in which only Heisenberg
change interaction is considered, in the spin-wave treatm
of Thalmeier36 and of Henggeleret al.37 anisotropic ex-
change is assumed. Indeed, our measurements indica
strong anisotropy in the effect of a magnetic field on t
splitting of the ground-state doublet of the Nd ion. We a
sume in our model that this anisotropy should be ascribe
the peculiar form of the CEF Hamiltonian rather than to
anisotropy in the exchange interactions.@Our description im-
plies that the specific heat is determined~mainly! by nondis-
persive modes in a spin-wave treatment.# In Sec. VI A we
pointed out that the approach of Adelmannet al.22 is not
valid for the specific-heat measured at nonzero fields, si
the anisotropy was not considered in their treatment.

We could not find a satisfactory theoretical description
the experimental specific-heat data of t
Nd1.85Ce0.15CuO42y single crystal. We have attempted to a
count for the many different environments expected for
Nd ions—with different numbers of Ce neighbors whic
moreover, can occupy different positions with respect to
Nd ions. For zero applied field we could well reproduce t
experimental data~Fig. 7!. For nonzero fields, however, a
test distributions of inequivalent types of Nd ions we use
led to calculated specific-heat peaks that were significa
narrower than the ones found experimentally.
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