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Magnetic susceptibility, specific heat, and crystal-field efFects
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We report here the results of magnetic susceptibility of both n- and p-type superconductors,
Nd2 „Ce CuO4 ~ (x =0.14, 0.15, 0.$6, and 0.18) and NdBa2Cu3, Zn, 07 q (z =0 and 0.02) in the tem-
perature range 2 to 300 K and specific heat measurements on p-type superconductors in the temperature
range 5 ~ T 300 K. Crystal-field (CF) analysis of these results has been performed considering Jmixing
of the lowest eleven multiplets with intermediate-coupled wave functions. The CF analysis of the mag-
netic susceptibility data is consistent also with the reported inelastic neutron-scattering spectra. The
specific heat data have been accounted for by considering Debye, Einstein, and Schottky contributions.

I. INTRQDUCTION

The cuprate superconductors Nd2 Ce Cu04 y
(NCCO) and NdBa2Cu307 s (NBCO) form an interesting
series of compounds due to possible interplay between su-
perconductivity and magnetism. The NCCO system has
the unique feature of exhibiting superconductivity for
small concentrations of cerium (0.14(x (0.18) which re-
places neodymium. Hall-effect and thermoelectric power
measurements indicate that the prime carriers are elec-
trons in these systems and in view of this, these materials
are particularly significant and distinct from the other
high-temperature cuprate superconductors. These com-
pounds have super conducting transition temperatures
(T, ) around 24 K. Besides, these compounds have the
simplest crystal structure of all the cuprate superconduc-
tors with planar Cu-0 layers and no apical oxygen,
perhaps making them the most fundamental of the high-
temperature superconductors. The NBCO system, on the
other hand, belongs to a class of superconductors with
high T, (90 K). The dominant charge carriers in this sys-
tem are holes rather than electrons and the basic struc-
ture consists of Cu-0 planes with apical oxygen in con-
trast to the n-type superconductors. The rate of T,
suppression in NBCO due to the substitution of a non-
magnetic 3d element such as zinc at the copper site is
larger than in the YBa2Cu307 & system. ' These facts
have led to a lot of interest in the study of these super-
conductors.

Earlier studies on NCCO systems include structural
analysis, measurements of inelastic neutron-scattering
(INS) spectra, magnetic susceptibility, and specific heat
measurements. X-ray-diffraction measurements have
been conducted and diffraction peaks were indexed which
showed a tetragonal structure. The lattice parameters
containing different amounts of cerium ions have also
been determined. X-ray difFraction (XRD) and x-ray
photoemission spectroscopy measurements revealed
structural anomalies in NCCO. Near x=0.15 drastic de-
creases in the Nd-O(1) and Cu-Nd bond lengths and
unit-cell volume have been found and attributed to rapid

electron transfer to the Cu02 layers from the Nd(Ce) lay-
ers. X-ray powder diffraction has also been used to deter-
mine the average ionic radius of the cerium present in the
system. The effective valence of cerium has also been cal-
culated. The decrease in both the c-lattice dimension and
the unit-cell volume with increasing x suggested the pres-
ence of Ce + rather than Ce + (Refs. 4 and 5). INS ex-
periments have been conducted on the systems Nd2Cu04
and Ndi s&Ceo i&Cu04 ~ and the crystal-field (CF) transi-
tions have been determined. " Magnetic susceptibility
measurements have been performed on both polycrystal-
line' ' and single-crystal' ' samples. Heat-capacity
measurements on parent and doped compounds showed
antiferromagnetic ordering of the Nd moments for
Nd2Cu04 and Nd& 85Ceo &&Cu04 y at 1.7 and 1.2 K, re-
spectively. '

Likewise XRD measurements, INS spectra, magnetic
susceptibility, and specific heat measurements were per-
formed also on the NBCO system. ' X-ray-diffraction
measurements revealed an orthorhombic structure and
the lattice parameters were determined. ' ' Inelastic
neutron-scattering measurements have been conducted
by a number of groups and CF levels have been
found. Magnetic susceptibility measurements show
a clear deviation from the Curie-Weiss law for NBCO
which has been attributed to CF effects. ' ' Specific
heat measurements have been performed on polycrystal-
line NBCO and specific heat data below T, are accounted
for by both Debye and Einstein lattice contributions and
a Schottky contribution from CF effects. ' The mag-
netic ordering temperature of Nd + in this system has
been found to be around 0.52 K from specific heat mea-
surements. ' The effect of substitution of zinc at the
copper site for the NBCO system has been investigated.
The XRD pattern' shows the formation of single phase
for 0 (x (0.8. Variations of lattice parameters, degree of
orthorhombicity, unit-cell volume, and oxygen content as
functions of z for the NdBazCu3, Zn, 07 & system have
been determined. '

Motivated by the fact that in NCCO the magnetic ion
is situated above and below the Cu-0 planes in contrast
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to the NBCO system and that the crystal-field splittings
in NCCO are small compared to the NBCO system we
aimed at a systematic study on the magnetic and thermal
properties of Ndz ~ Ce Cu04 „with various cerium
concentrations and zinc-doped NBCO. Also the crystal
field acts as a local probe at the rare-earth site and it
would therefore be interesting to make a systematic
analysis of our magnetic susceptibility data in order to
study the variation of the CF parameters with changes in
symmetries and doping at the rare-earth as well as copper
site and to compare and correlate our analysis to the re-
sults of measurements of other physical properties. Even
though magnetic susceptibility and specific heat data
have been published before, the proposed method of
analysis viz. , beginning with the CF parameters derived
from INS results and extending the model to include J
mixing in order to obtain a close fit to magnetic suscepti-
bility and specific heat data, is expected to provide addi-
tional insight and useful information on the possible in-
teraction between superconductivity and 4f magnetism
in these compounds.

II. EXPERIMENTAL DETAILS

The Ndz Ce Cuo4 (x=0.14, 0.15, 0.16, and 0.18)
compounds were synthesized by high-temperature solid-
state reaction. The as-prepared compounds did not ex-
hibit superconductivity down to the lowest measured
temperature. Superconductivity was induced by reducing
the as-prepared samples in a continuous vacuum of
=10 mbar at 850'C for 6 h. NdBazCu&, Zn, 07
(z=0 and 0.02) compounds were also prepared by stan-
dard solid-state reaction. ' NCCO and zinc-doped NBCO
samples were characterized by XRD, electrical resistivi-
ty, and magnetic susceptibility measurements. X-ray
powder-difraction patterns of NCCO and NBCO sam-

ples revealed the single phase nature of the compounds
with tetragonal and orthorhombic structures, respective-
ly. ' Superconductivity was observed in NCCO sam-

ples with onset of superconducting transition around 24
K in electrical resistivity measurements. The as-
prepared sample of x=0.16 which is a nonsuperconduc-
tor (ns) has also been included in the present study for
comparison purposes. The superconducting transition
temperatures are 85 and 67 K for the parent and zinc-
doped NBCO compounds, ' respectively.

dc magnetic susceptibility measurements have been
carried out in a Quantum Design MPMS superconduct-
ing quantum interference device (SQUID) magnetometer
in the temperature range 2 to 300 K in a magnetic field of
100 and 2000 G for NCCO and NBCO, respectively, in
the normal state. Figures 1 and 2 show the temperature
variation of the susceptibility for these compounds.

Heat-capacity measurements have been performed on
NdBazCu307 & and NdBazCuz 98Znppp07 g using an au-
tomated quasiadiabatic calorimeter. The details of the
calorimeter are described elsewhere. ' The calibration of
the experimental setup was checked using a Nb pellet
which exhibits superconductivity around 9 K. The
values of the electronic heat-capacity coefficient (y) and
Debye temperature (eD) derived from a linear fit of
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C /T versus T data between 10 to 20 K were found to
be in good agreement with those reported in the litera-
ture. The results of heat-capacity measurements of
these samples are shown in Figs. 3 and 4.

The magnetic susceptibility data both for NBCO and
NCCO above T, were initially fitted to an expression of
the form
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FIG. 2. Magnetic susceptibility of NdBa&Cu3, Zn, O7 g ( + )
and (+) are experimental y for z=O and z=0.02, respectively.
( —- —~ —.) and ( ———) are calculated y for z=0 and z=0.02,
respectively. ( —) calculated y of z=O as in Ref. 20.

FIG. 1. Magnetic susceptibility of (a) superconducting
Nd& 85Ceo»Cu4 —y and (b) nonsuperconducting
Nd~ 84Ceo ~5Cu4 „(+ ) experim. ental; ( ———) present 6t;
( ) fit due to Ref. 16.
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the next higher multiplet, i.e., Iy~y2 is only around
1800 cm ' above the ground term, i.e., "I9/2 Hence it
was necessary to consider J mixing of the multiplet
scheme. Further it was found that improved results
could be obtained by considering the multiplets higher
t an I multiplets. Therefore in our analysis we have tak-
en into account J mixing of the first 11 J multiplets and
intermediate-coupled wave functions. Structural analysis
of these compounds revealed 14lmrnm space group with

D4& site symmetry" for NCCO and Pmmrn space group
with D2& site symmetry ' for NBCO systems. The
crystal-field Hamiltonian, Hc„considering orthorhombic
symmetry at the rare-earth (Nd +

) site in NBCO is of the
form

FIG. 3. S ecific hp
'

eat of NdBa2Cu307 q. (~) experimental,
( ———) Debye and electronic contributions; ( ———) Ein-
stein contribution; (

) total contribution due to Debye, electronic, Einstein,
and Schottky. Inset: Measured specific heat.

III. THEORETICAL BACKGRGUND

In the case of Nd + in NCCO and NBCO, the in-
tramultiplet splitting ranges from 800 to 1000 cm ' and
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FIG. 4. Specific heat of NdBa Cu Z O ( )
mental, ( ——— 2 u3, n, 7 q. ~ experi-

1, ——) Debye and electronic contributions;
——.—-) Einstein contribution; ( ) Schottk con-

tribution; ( ) total contribution due to Debye, electronic,
Einstein, and Schottky. Inset: Measured specific heat
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and the parameters C, 8~, and y0 given in Table I are
found to be close to those reported in the literature
The effective magnetic moments obtained from the above
fit have also been included in the same table and are
ound to decrease with cerium concentration for super-

conducting samples. Hence CF analysis was undertaken
in order to account for the measured magnetic suscepti-
bilities.

HC„=B2V~+B2( V2+ V2 )+B4vq+B~~(V + V ~)

+B44( V', + V;")+B',V'+B'( V'+ V-')

+B6(V6+ V6 )+B6(V6+ V6 )

and the tetragonal symmetry at the Nd + site in NCCO
gives rise to the Hamiltonian

HCF =B~V2+Bqv4+B4( V4+ V4 )

B6V06+B6(V6+ V6 )

where 8's are the crystal-field parameters and Vs are the
n-particle unit irreducible spherical tensor operators.

The software for calculations of the matrix elements
for the form of the Hamiltonian (Hc„) chosen, deter-
mination of the energy eigenvalues and the corresponding
eigenfunctions, and the subsequent calculation of the
magnetic susceptibility with temperature variation has
been developed in the present work. During the calcula-
tion of the matrix elements with respect to states charac-
terized by quantum numbers lSI.JM &, use is made of the
Wigner-Eckart theorem wherein the matrix elements take
the form

(Jml VklJ'm'& =(—1)'-- J k J'
—m q m'

X( —1) +"+ + V(2J+1)(2J'+1

J S
x J, L, , „&SL.lllv„lllsI. &,

where the second factor in the equation is the 3j symbol
and gives the dependence of an irreducible tensor of rank
k on m, m', and J. The factor after the square root
represents a 6j symbol and the last doubly reduced ma-
trix element is typical of each multiplet. The doubly re-
duced matrix elements consist of complicated summa-
tions over coe%cients of fractional parentage of a particu-
lar multiplet level. Group-theoretical relationships

35
'ps re-

ported by Judd were used in the present case to deter-
mine them. The numerical computation of the Clebsch-
Gordon coeKcients and the Racah coefticients involved
in the 3j and the 6j symbols, respectively, was carried out
using generalized hypergeometric functions. The ma-
trix thus computed was then diagonalized to obtain the
energy eigenvalues and the corresponding eigenfunctions.
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TABLE I. Fitted free-ion parameters for Nd2 Ce Cu04, and NdBa2Cu3, Zn, 07—Q.

Composition C
(emu K/mol Nd'+ )

XO

(emu/mol Nd +)

0.14
0.15
0.16
0.16(ns)
0.18(ns)

Z

0
0.02

1.49
1.48
1.29
1.11
1.32

1.22
1.08

—41.2
—43.0
—38.0
—23.0
—48.0

—29.2
—23.0

3.46
3.44
3.21
2.97
3.25

3.13
2.94

4.79 X 10
4.82 X 10
4.32 X 10
7.79 X 10
1.00 X 10

1.30X 10
2.10X 10

The diagonalization procedure involved the method ori-
ginated by Jacobi. The temperature variation of the
powder magnetic susceptibility was calculated using the
Van Vleck formula

2X 2 E(1) E(P)
gg pp l

i B

where E ', E ", E ' are the zeroth, first- and second-
order perturbed Zeeman energies and the other symbols
have their usual meaning.

IV. RESULTS

A. Magnetic susceptibility

At the outset the crystal-field parameters (CFP) for
NCCO and NBCO reported in earlier work ' on fitting
the INS spectrum were taken as starting parameters for
the fits. It was found that although these CFP could
reproduce the INS data well, there were appreciable
discrepancies between the calculated and experimental
magnetic susceptibility (g) data. We next attempted
better fits of our data (g) on all the compounds by study-
ing the effect of each of the CF parameters on g and CF
levels. It may be remarked that the value of Bz was cru-
cial in determining the absolute value of y above 250 K.
At the same time this parameter played a vital role in ad-
justing the first CF level. B4 was varied so as to get a
close fit to the rate of increase of g on lowering of tem-
perature. 86 was a very effective parameter as the slope
of the calculated y curve could be adjusted to some ex-
tent on its variation. The tetragonal parameters had little
effect both on the energy levels as well as y values.

Preliminary tentative fitting of our magnetic suscepti-
bility data was done by considering only the Imultiplets.
It may be mentioned here that our previous report on
the NCCO system considering a CF analysis with only
the I multiplets gave CFP which had to be considerably
modified by inclusion of higher multiplets. However,
upon including higher multiplets, an improvement in the
fit to the data was obtained, hence Jmixing was absolute-
ly necessary so as to get the correct CF levels. For exam-
ple, for the Nd, 85Cep, 5Cu04 „system when CF calcula-
tions were made with only the ground multiplet, ( I9/2)
considering the present set of parameters, the calculated

energy eigenvalues were found to be 0, 12.2, 27.4, 32.4,
and 92 meV. The same CF calculation when repeated
with the I multiplets gave the energy eigenvalues as 0,
11.4, 20.2, 26.8, and 91.7 meV. Calculations made with
the first eleven multiplets gave values of 0, 12.7, 20.3,
26.6, and 93.5 meV whereas the observed values from
INS are 0, 12.2, 20.3, 26.5, and 93.2 meV. The addition
of higher-energy multiplets did not improve the results.
From this it is evident that Jmixing was absolutely essen-
tial for a closer agreement between INS and susceptibility
data.

The CFP obtained for NBCO and NCCO compounds
studied in the present work are presented in Table II and
the calculated magnetic susceptibilities are shown in Figs.
1 and 2. The energy eigenvalues and the corresponding
eigenfunctions for Nd& 85Cep &5CuO~ are given in Table
III. The energy-level diagram of five distinct Kramers
doublets for Nd + ion in NCCO and NBCO is shown in
Fig. 5. The energy-level scheme obtained from INS
measurements on NdBa2Cu307 s (Ref. 21) and
Nd, s5Ceo, 5Cu04 ~ (Ref. 7) systems are also included in
the energy-level diagram. From Figs. 1, 2, and 5 it is evi-
dent that the present work not only explains the tempera-
ture dependence of y values reasonably well but also the
INS data closely. Also the present set of eigenfunction
coefficients for Ndi s&Ceo i5Cu04 (Table III) are in
agreement with those reported earlier. Inspection of
Table II shows that in the case of Nd2 „Ce Cu04 „ it
was not necessary to vary the tetragonal parameters (84
and 86) for fitting the g for various compositions. Sys-
tematic variation of Bz, B4, and B6 was suf5cient to fit
the y data of the compounds reported in the present
work. A plot of CFP as a function of concentration has
been presented in Fig. 6 and discussed in Sec. V.

B. Specific heat

Figures 3 and 4 show the molar heat capacity of
NdBa2Cu307 & and NdBa2Cup98Znpp207 &. The value
of the specific heat jump hC at T, was found to be 58
mJ/molK for NdBa2Cu307 s whereas in the case of
zinc-doped NBCO such a jump could not be observed. A
least-squares fit of the experimental C data of NBCO in
the temperature range between 5 and 10 K to the equa-
tion
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TABLE II. Crystal-Geld parameters in cm ' for NdBazCu3, Zn, O& z and Ndz „Ce Cu04 —y.

Composition BO B2 BO B2 B4 Bo B2 B4 B6

0 (Ref. 20)
0
0.02

—570
—7S2
—560

—203
471
150

—3060
—2982
—2920

13
—116
—100

1883
1788
1905

—793
—786
—803

343
256
343

—2527
—2557
—2607

—106
—142
—106

0.15 (Ref. 7)
0.14
0.15
0.16
0.16(ns)
0.18(ns)

—298
980
960

1005
795
804

—2612
—2850
—2840
—2625
—2998
—3006

2Q02
1598
1598
1S98
1598
1598

—618
—135
—105
—60
—55
—60

—1805
—1890
—1890
—1890
—1890
—1890

C

T
=y+PT

yielded a value of 8.1 mJ/molK for y, the electronic
heat-capacity coefficient and 0.585 mJ/molK for P.
From the value of p the Debye temperature was calculat-
ed to be 351 K. A similar analysis for the zinc-doped sys-
tem gave values of 9.9 mJ/molK for y and 0.509
mJ/mol K for p. The Debye temperature corresponding
to this P was found to be 367 K.

To explain our experimental data on speci6c heat of
NdBazCu307 & and NdBa2Cuz 98zno 02O7 &, we con-
sidered the various components that add up to give the
total specific heat. First, a mass correction was made to
the nonmagnetic YBazCu307 & system in order to calcu-
late the Debye temperature for the above two systems.
The Debye temperature, OD, after the mass correction
was calculated to be 361 K. Using this information it
was possible to determine the Debye contribution to the
total specific heat using the Debye integral. ' The
specific heat data deviate from the Debye approximation
for temperatures greater than 10 and 14 K for z=0 and
z=0.02 compounds, respectively, suggesting the presence
of optical-phonon modes. Hence an Einstein term was
included to account for the deviation. It may be men-
tioned here that the 6t to our susceptibility data involved
two closely spaced CF levels which are consistent with
INS data. %'e therefore included a Schottky contribution
to explain the total measured specific heat. The specific
heat data in the temperature range 5 to 50 K could be
fitted well to the following equation:

C =yT+9R ~ + + + +C,„,4 x

0 (
.—1)'

where the first, second, third, and fourth terms represent
the electronic, Debye, Einstein, and Schottky contribu-
tions, respectively, and r is the number of atoms present
in the molecule, R is the universal gas constant,
x =9D!T, XE is the number of degrees of freedom,

y =Hs /T and Oz is the Einstein temperature. The
Schottky contribution was calculated from the fitted CF
levels. Results for NBCO and zinc-doped NBCO systems
are shown in Figs. 3 and 4, respectively. Inspection of
these two figures clearly shows that in addition to the De-
bye component, the Einstein and Schottky contributions
are necessary to account for the experimental speci6c
heat. The values of Einstein temperature and XE are 140
K and 0.7, and 105 K and 0.72 for z=0 and 0.02, respec-
tively. All the contributions to the specific heat are also
shown in the same figures which show that the three
components considered in the present analysis together
give a fairly good representation of our experimental data
below 50 K.

V. DISCUSSION

Inspection of Fig. 6 shows interesting variations of the
CF parameters both with z and x variations for NBCO
and NCCO compounds, respectively. The CF parame-
ters for the Prz „Ce„Cu04 ~ (PCCO) system (x=O,
0.05 and 0.15) have also been included in the same figure
for comparison. A comparison of the CFP's of the
NBCO system to those of the PCCO and NCCO systems
shows thai the variations in Bz, B4, and B6 increases
with doping at the copper site which is contradictory to
doping at the rare-earth site in the n-type system. In this
context it may be mentioned that, although not apprecia-
ble changes are observed in the lattice parameters of the

TABLE III. CF eigenvalues (E) and eigenfunctions for Nd& 85Ceo»Cu04. ~ appropriate to I9/2.

E (cm ')

0
102.44
163.74
214.56
753.36

Eigenfunctions

0.6520~9/2, +7/2) +0 628019/2, +1/2) +0 414619/2, +9/2)
0.8973~9/2, R5/2) —0.4300~9/2, k3/2)

0.720I9/2, T7/2)+0. 3847l9/»+1/2)+0 543419/2, +9/2)
0.8835~9/2, +3/2) +0.4349~9/2, +5/2)
07068~9/2+9/2) 0 6691I9/2, +l/2)+0. 1965l9/»+7/2)
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FIG. 5. Plot of CF levels for di6'erent concentrations of z and
x in NdBa2Cu3, Zn, 07 ~ and Nd2 „Ce„Cu04 y respectively.
Reported INS energy-level scheme for z=0 (Ref. 21) and
x=0.15 (Ref. 7) are included.

FIG. 6. Plot of CFP vs concentration, z in
NdBa2Cu3, Zn, O& q and x in Nd2 Ce Cu04 y. CFP due to
Pr2 Ce„Cu04 —y are also included for comparison.

NBCO compounds under study yet, the CFP show
significant variations. It could be therefore inferred that
even small doping in the case of NBCO at the copper site
affects both the CFP as well as the superconducting tran-
sition temperature, however this efFect is not so pro-
nounced in both the PCCO and NCCO systems. Also all
the CF parameter values of NCCO are found to be higher
than that of PCCO. In the case of NCCO, B2 and B4
have a similar behavior showing a maximum at x=0.16
whereas B6 increases monotonically. These parameters
do not vary much in the PCCO system. It appears that
the changes in B2 and B4 for x =0.16 in NCCO are corre-
lated with superconducting behavior, while the other pa-
rameter viz. , B6 is relatively insensitive to the changes in
cerium concentration. Also B2, B4, and B6 are found not
to vary in the nonsuperconducting compound.

In conclusion, it may be mentioned that in the present
work it has been possible to get a set of crystal-field pa-
rameters for both n- and p-type superconductors. These
best fitted parameters not only account fairly well for the

magnetic susceptibility data and the specific heat results
obtained by us but also agree with the corresponding INS
spectra reported by various groups fairly well. It has
been possible from this study to make a systematic pre-
sentation of the variations in the CF parameters with
doping at the rare-earth and copper sites. The specific
heat measured by us has also been accounted for by con-
sidering different contributions present in these systems.
Magnetic anisotropy measurements on single crystals of
these compounds using a torque magnetometer are ex-
pected to give more conclusive results.
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