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Abstract—The temperature dependences of the heat capacity, the magnetic susceptibility, and the splitting
of the ground Kramers doublet of the Nd** ion in the chain magnet Nd,BaNiOj are studied. An antiferro-
magnetic phase transition manifests itself as anomalies in all these dependences. The parameters of the Nd—
Ni and Nd—Nd interactions are estimated. The field dependence of the magnetization has two anomalies. A
strong magnetic anisotropy prevents the magnetic moments of the Nd3* ion from deviating from axis c in the
crystal even in an external magnetic field. The processes of magnetization and the internal specific features

of a chain of spins § = 1 are discussed.
DOI: 10.1134/S1063776114030169

INTRODUCTION

Interest in isostructural compounds with the gen-
eral formula R,BaNiO; (R is a rare-earth or yttrium
ion) is caused by a substantially one-dimensional
character of their magnetic properties. Slightly oblate
NiOg¢ octahedra in the crystal structure of R,BaNiO;
(space group Immm) join each other through apical
oxygen and form chains directed along crystallo-
graphic axis @, which makes it possible to speak about
S(Ni**) = 1 spin chains. These chains have no com-
mon oxygen ions and R3** and Ba?* ions are located
between them [1]. R3* ions interact with Ni** ions
through the oxygen ions of the NiOg octahedra. The
compound Y,BaNiOs is a typical Haldane system with
a spin gap of about 10 meV in the spectrum of mag-
netic excitations [2—4]. This compound does not
exhibit magnetic ordering down to a temperature of at
least 100 mK [4]. Complete or partial substitution of
rare-earth magnetic ion R3* for ion Y3* leads to anti-
ferromagnetic ordering. The Néel temperature of the
R,BaNiO; compounds is in the range from 12 K (R =
Tm) to 65 K (R = Tb) [5—15]. Elastic neutron scatter-
ing shows that the magnetic structures of the rare-
earth and nickel subsystems in the ordered state are
characterized by the same wavevectork = (1/2, 0, 1/2)
[11—13]. The orientation of magnetic moments with
respect to the crystallographic axes is determined by
the anisotropy of a rare-earth ion [13—15]. Inelastic
neutron scattering shows that the Haldane gap in the
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spectrum of magnetic excitations of nickel is retained
in both the paramagnetic region and the ordered state.

Thus, the paradoxical coexistence of the Haldane
phase and spin waves is observed in the ordered state
[16—18]. In this situation, it is incompletely clear how
the nickel subsystem behaves during the measurement
of the thermodynamic characteristics—either as a
classical antiferromagnet with anisotropic behavior of
magnetic properties or as a Haldane system with an
isotropic exponential tendency toward zero magnetic
susceptibility at 7 — 0. The specific features of the
Haldane system in R,BaNiO; can manifest themselves
in the low-temperature region, just as they were
revealed during theoretical and experimental investi-
gations of doped Y,BaNiOs. Nonmagnetic impurities
Zn** and Mg?*, which substitute for nickel, form
direct breaks in the chains. EPR [19, 20] and NMR
[21] studies showed that uncompensated spins .S = 1/2
appear at the ends of chain segments. Impurity Ca**
occupies the position of Y3* and leads to the formation
of holes in the chains and new magnetic states inside
the Haldane gap [22, 23].

The purpose of this work is to study the magnetic
properties of neodymium nickelate Nd,BaNiO; from
the results of investigation of its magnetization, heat
capacity, and the spectroscopy of the f/—ftransitions in
the Nd3* ion. Based on the spectroscopic data, we
determined the contribution of the neodymium sub-
system to the heat capacity and the temperature and
field dependences of magnetization. The processes of
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Fig. 1. Temperature dependences of (a, b) magnetic susceptibility of Nd,BaNiOs; measured in a field B=0.01 T in (®) ZFC and
(0) FC regimes and (c) heat capacity at B = 0. The experimental data are represented by symbols and the calculated results are
represented by lines: (/) contributions of the neodymium subsystem to (b) magnetic susceptibility and (c) heat capacity, (2) con-
tribution of the nickel subsystem related to nickel chain defects (see text), (3) contribution of paramagnetic impurities, and (4)
resulting contribution of paramagnetic impurities, as well as the neodymium and nickel subsystems to the magnetic susceptibility.

magnetization and the manifestation of the internal
specific features of chains of spins S = 1 are discussed.

EXPERIMENTAL

Polycrystalline Nd,BaNiO; samples were prepared
by solid-phase synthesis according to the procedure
described in [10]. The quality and composition of the
samples were controlled by X-ray diffraction. The
temperature dependences of magnetization upon field
cooling (FC) and zero-field cooling (ZFC) were
obtained with an MPMS-XL5 SQUID (Quantum
Design) magnetometer in a magnetic field of 0.01 T
and the temperature range 1.8—350 K. The tempera-
ture dependence of heat capacity in the temperature
range 5—300 K in the absence of an external magnetic
field was measured using a TERMIS relaxation micro-
calorimeter. The field dependences of magnetization
in a field up to 15 T at various temperatures were mea-
sured with a vibrating-sample magnetometer, and the
sweep speed of the magnetic field of the magnetometer
was 0.2 T/min [24]. The measurements in fields up to
50 T were performed on a pulsed magnetometer with a
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pulse duration of 0.05 s. The optical measurements in
the spectral region 10 000—15 000 cm~! and the tem-
perature range 4.2—300 K were carried out using a
BOMEM DA3.002 Fourier spectrometer.

EXPERIMENTAL RESULTS

Figures 1a and 1b show the temperature depen-
dences of magnetic susceptibility ¥ = M/B measured
in a field B=0.01 T in the ZFC and FC regimes. The
temperature dependence of heat capacity is shown in
Fig. 1c. The magnetic susceptibility at high tempera-
tures is described by the Curie—Weiss law. The A
anomaly in the C(T) dependence and the weak anom-
aly in the ¢ (7) dependence at T = 47 K indicate an
antiferromagnetic phase transition. The phase-transi-
tion temperature agrees well with the data of spectro-
scopic [5, 14] and neutron [7] investigations. The
broad maximum (Schottky anomaly) detected in the
C(T) and % (T) dependences at temperatures below Ty
is caused by the temperature-induced electron redis-
tribution at the sublevels of the ground Kramers dou-
blet of the Nd3* ion split by the internal field appearing
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Fig. 2. Field dependences of (a), (b) magnetization of Nd,BaNiOs and (c), (d) their derivatives at various temperatures.

in ordering. The %(7) dependence measured in the
ZFC regime has an additional anomaly at a tempera-
ture of about 3 K. Moreover, the behavior of the ZFC
and FC magnetic susceptibilities is different in the
low-temperature range, which is characteristic of a
spin-glass state.

Figure 2 shows magnetization M(B) and derivatives
dM/dB at various temperatures. At low temperatures,
the M(B) curves have two pronounced anomalies,
namely, at field B.,,; =94 T (T'=4.2K) and at B, =
16.2 T (T= 4.2 K) (Fig. 2a). Note that similar anom-
alies were detected in [S] at B,,; = 11T (T=4.2 K) and
B., =18 T (T'= 4.2 K); however, their nature was not
discussed. As temperature increases, the anomalies
shift toward high fields. The study of the behavior of
the anomaly at the first critical field (B,,;) in the tem-
perature range 1.5—60 K showed that this anomaly
disappears at 7= 15 K (Fig. 2b), which is significantly
lower than the antiferromagnetic transition tempera-
ture (7 = 47 K). This behavior is not typical of, e.g.,
spin-flop transition, since the shift of the critical tran-
sition field toward high fields during this spin-reorien-
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tation transition occurs up to the antiferromagnetic
transition temperature.

The field dependences of magnetizations M,, M,,
and M, measured along the crystallographic axes a, b,
and c in a Nd,BaNiOs single crystal at 7= 4.2 K were
presented in [25]. These dependences are shown in
Fig. 3a, which also depicts average magnetization M =
(M, + M, + M,)/3 to be compared with the results of a
polycrystalline sample. A comparison of these data
with the results of our experiment performed on a
polycrystalline Nd,BaNiO;5 sample demonstrates that
the critical fields and the critical magnetizations are
the same with allowance for the fact that all transitions
in a real polycrystal are smooth. Note that the authors
of [25] did not interpret their results. The processes of
magnetization can be explained if the specific features
of interaction of the magnetic subsystems in
Nd,BaNiQOj are known.

We studied optical spectra to determine the contri-
bution of the Nd subsystem to the heat capacity and to
the temperature and field dependences of magnetiza-
tion. Figure 4a shows the absorption spectra of
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Fig. 3. (a) Field dependences of the magnetization of Nd,BaNiOs at 7= 4.2 K for (/) polycrystalline (this work) and single-crys-
tal (M, My, M; [25]) samples. (2) Field dependence of average magnetization M = (M, + M, + M,)/3 plotted from the experi-
mental data for the single crystal. (b) Field dependence of M = (M, + M}, + M_)/3 plotted from experimental data for single crystal
[25] (symbols) and calculation in this work (solid curve). (c) Field dependences of (symbols) magnetization of the polycrystalline
sample obtained in this work and (solid curve) calculated average magnetization.

Nd,BaNiOjs at various temperatures in the range of the
*ly,, — *F;,, optical transition in the Nd** ion. The
*F;,, multiplet consists of two Kramers doublets. The
transition to the lowest-frequency doublet is shown.
One line is detected in the paramagnetic state in this
spectral region. The magnetically ordered state has
four lines corresponding to transitions between the
components of the split Kramers doublets. Recall that
there are no perturbations except for a magnetic field
(external field or internal field induced by magnetic
ordering) to remove the Kramers degeneracy. Thus,
the detected spectral line splitting ambiguously point
to the formation of a magnetic order—it is accompa-
nied by the appearance of an internal magnetic field at
Nd3* ions.

DISCUSSION OF RESULTS

The magnetic system of Nd,BaNiO; contains two
types of magnetic ions, namely, Nd?* (5= 1) and Nd3*
(S =3/2, L =6,J=9/2). The effective magnetic
moment (L. = 5.06u, where Ly is the Bohr magne-
ton) estimated from the experimental data on the
high-temperature (7" > 100 K) part of the magnetic
susceptibility is close to p.g;= 5.12uy for the free Nd**+
ion in this compound with two neodymium ions in the
formula unit. This means that nickel weakly contrib-
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utes to the magnetic susceptibility in the high-temper-
ature range. This is possible only if nickel in
Nd,BaNiOs behaves as it does in the Y,BaNiO;
Haldane system. The magnetic susceptibility of
Y,BaNiOjs has a broad maximum at 7'~ 300 K, which
is characteristic of low-dimensional systems [3]. The
magnetic susceptibility of Y,BaNiOj at the maximum
is 8 x 10~ emu/mol, which is more than an order of
magnitude lower than the magnetic susceptibility of
Nd,BaNiOs at 300 K. Thus, the nickel chain in the
thermodynamic measurements at 7" > 100 K behaves
like a Haldane system with a gap in the spectrum of
magnetic excitations. This concept agrees with the
data on inelastic neutron scattering [7].

It is impossible to calculate the contribution of the
nickel subsystem to the magnetic susceptibility and the
heat capacity, since (as noted above) it is unclear how
the Ni subsystem behaves in thermodynamic mea-
surements because of the paradoxical coexistence of
the Haldane phase and the antiferromagnetic order.
Nevertheless, we estimated the contribution of the
neodymium subsystem using optical experimental
data.

The crystal field splits the ground state of the Nd>*
ion (*Iy),) into five Kramers doublets. The spectro-
scopic data demonstrate that the second Kramers
doublet is higher than the ground doublet by 140 cm™!
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Fig. 4. Transmission spectra of a polycrystalline Nd,BaNiO5 sample in the range of the low-frequency line of the 419 Y- R iF 32

transition in the Nd>* ion at various temperatures (scheme in the inset explains the related transitions). (b) Temperature depen-
dence of splitting A of the ground state of the Nd** ion in Nd,BaNiOs.

[14]. Therefore, at temperatures below 50 K, only the
ground Kramers doublet contributes to the magnetic
properties of the substance. All Kramers doublets split
under the action of the internal magnetic field appear-
ing at the magnetic ordering. Each optical transition
consists of four lines corresponding to transitions from
the sublevels of the ground doublet to the sublevels of
the excited doublet instead of one spectral line in the
paramagnetic region (Fig. 4a, inset). Ground state
splitting A was determined from the distance between
the two spectral lines that correspond to transitions
from the two split sublevels of the ground state of mul-
tiplet */;, to the same sublevel of multiplet *F; ,. Fig-
ure 4b shows the temperature dependence of splitting
A of the ground Kramers doublet that was obtained
from the spectroscopic data. The inflection point in
the A(7) dependence corresponds to antiferromag-
netic ordering [14].

The temperature dependence of the ground Kram-
ers doublet splitting of the Nd3* ion was used to estimate
the contribution of the neodymium subsystem to the
heat capacity and the temperature and field depen-
dences of magnetization. According to the neutron data
[7], the neodymium and nickel subsystems can be rep-
resented as two-lattice ones. In the absence of an exter-
nal magnetic field, both neodymium sublattices are
equivalent. The Schottky anomaly in the temperature
dependence of heat capacity is caused by a change in
the population of the sublevels of the ground Kramers
doublet of the Nd3* ion, which is split by the internal
magnetic field appearing in ordering. The contribution
of the two neodymium sublattices is expressed as

C = ZR(_A_)Z exp(A/kT)

s 1
kKT 11+ exp(A/kT)] W
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where R is the gas constant and k is the Boltzmann
constant. Factor 2 indicates that two Nd3* ions are in
the formula unit. This contribution to the total heat
capacity, which is shown by the solid line in Fig. Ic,
well describes the Schottky anomaly in the C(7)
dependence.

To calculate the contribution of the neodymium
subsystem to the magnetic susceptibility, we have to
take into account the fact that the neodymium sublat-
tices become nonequivalent in an external magnetic
field: the sublattice with the magnetic moment com-
ponents directed along the external magnetic field is
magnetized, and the other sublattice with the opposite
magnetic moment directions is demagnetized. More-
over, for a correct description of the neodymium con-
tribution to the magnetic susceptibility and magneti-

zation, we should take into account both field B:(d at

the Nd** ion from the side of the nickel subsystem and
the interaction of the magnetic moments of Nd** ions
between each other. The components (a = a, b, ¢) of
the effective magnetic field at the Nd3* ions belonging
to sublattices 1 and 2 are determined from the expres-
sions [15]

Nd Nd Nd

Beff,la = Ba+K11aMl(x+K12aM2a+Bex,a! (2)
Nd Nd Nd

Beff,Zoc = Boc+KllaM2oc +K12aMla _Bex,ou

where B, are the external magnetic field components;

Mﬁf and MI;; are the components of the magnetic
moments of neodymium in sublattices 1 and 2, respec-
tively; and k,; and «,, are the constants of the effective
magnetic field acting on the neodymium ion from
other neodymium ions having the same (k,;) or the
opposite (K;,) magnetic moment direction. Parameter
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K, is determined by the Nd—O—Ni—O—Nd exchange
interaction between the magnetic moments of two
Nd3* ions along axis b of the crystal, which occurs
through the dx27y2 orbital of the Ni** ion. Parameter

K, is determined by the interaction of two Nd** ions
having oppositely directed magnetic moments. One of
the ways of the Nd—O—Ni—O—Ni—O—Nd exchange
includes two Nd?* ions with a strong antiferromag-
netic Ni—O—Ni exchange along the spin chain, and
the other way passes through the apical O%~ ion of the
NiO¢ octahedron.

Different values of the effective field acting on
Nd3* ions belonging to sublattices 1 and 2 result in dif-
ferent values of the splitting of the ground Kramers
doublet of the Nd** ion,

2 2 2.2 2.2
A, = HB«/gaBeff,l,za+gbBeff,1,2b+cheff,1,2m 3)

where g, =0.36, g, =0.94, and g. = 5.4 are the compo-

nents of the g tensor of the ground state of the Nd** ion
in Nd,BaNiOs [14]. In turn, the difference in the val-
ues of A, and A, leads to different magnetizations of
the two neodymium sublattices. When expanding

. Nd Nd . .
magnetic moments M,, and M,, of neodymium ions
. L Nd
into a series in powers of B 1, — (B, + B ,) and

Bt 20 — (B, — B:fa) for sublattices 1 and 2, respec-
tively, we obtain the following expressions for the mag-
netic moment components:

+ + -
M(;&KIZOLXO(OL + MOa(l — KllaX(xoc)

Nd
Mo = - + 2 - ¥
(1 - KHCLXO.OL)(I - Kll(xX(xa) —KpaXaaXao

, (4

+ - +
ng — MO(XKIZ(XX(XOL + MEaU - KllaXao.) ) (5)

(1 - Ky laxga)(l - KllOLX;OL) - K?2(xX;ocX;a

Here,

2 2
Mga - 2g(xBeff, (XHB tal’lh h

27, , 2T
+ 6M§
X(l(l = —=
aB Beﬂ=B+Bex

are the components of the magnetic moments and the
magnetic susceptibility in the effective field B.s= B +
B.,, i.e., without regard for the interaction between
Nd3*ions. For example, if external field B is parallel to
axis a, we have By , = B+ B, ,, By, = £B.y p, and
By .= 1B, .. Signs “+” and “—” in all these expres-
sions belong to sublattices 1 and 2, respectively.

Formulas (4) and (5) were used to calculate the
temperature dependence of the magnetic susceptibil-
ity and the field dependence of the magnetization of
the neodymium subsystem when an external magnetic
field is oriented along crystallographic axes a, b, and c.
For a polycrystalline sample, the contribution of
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neodymium to the magnetization is determined by the
expression
A 1M1a+M2(‘l’
3 2
a=a,b,c
and the contribution to the magnetic susceptibility is

Nd 1 M, +M,,
- N 1 Mot Moo
* "3BT 2

where N, is Avogadro’s number.

When calculating the contribution of the neody-
mium subsystem to the magnetic susceptibility of
Nd,BaNiOs, the temperature dependence of field

B:id (7) acting from the nickel subsystem was deter-

mined from spectroscopic data using the dependence
A(T) of the ground Kramers doublet splitting of the

Nd3* ion. At low temperatures, we have Bg(d ~152T

The direction of magnetic field B:,](d with respect to the
crystallographic axes coincides with the direction of
the magnetic moments of Ni’* ions, which lie in the ac
plane and deviate through an angle of 35° from axis ¢
according to the data of neutron studies [7]. The con-
tribution of the neodymium subsystem to the mag-
netic susceptibility of Nd,BaNiOs is shown in Fig. 1b
by a heavy solid line. Parameters «;, =
—1.62 mol/emu and «,, = —1.3 mol/emu provide a
good description of the Schottky anomaly in the y(7)
dependence. The values of the other components of
parameters k,; and K, only weakly affect the calcula-
tion results, which agrees with the strong anisotropy of
the magnetic properties of the compound under study.
Note that if we assume x;; = ¥, = 0 (i.e., if the inter-
action of Nd3* ions with each other is not taken into
account), the position of the maximum in the calcu-
lated magnetic susceptibility curve is strongly shifted
with respect to the maximum in the experimental
curve.

With the parameters obtained, we were able to find
that the magnetic moment of neodymium lies along
axis c¢. This result and the determined temperature
dependence of the magnetic moment of neodymium
in the ordered state fully agree with the results of neu-
tron studies in [7]. Thus, taking into account the inter-
action between Nd3* ions makes it possible to cor-
rectly describe the Schottky anomaly in the y(7)
dependence and the temperature dependence of the
magnetic moment of the neodymium ion.

The contribution of the neodymium subsystem to
the magnetic susceptibility of Nd,BaNiOs does not
describe the anomaly at 3 K in the ZFC y(7) depen-
dence. Such anomalies but at lower temperatures were
detected in the weakly doped Y,BaNiOs Haldane sys-
tem. For example, in the case of substitution of Ca%*
for Y3+, the difference in the behaviors of the ZFC and
FC magnetic susceptibilities and the shift of the max-
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imum in the ac susceptibility (magnetic susceptibility
in an ac magnetic field) induced by a change in fre-
quency indicate a spin-glass state [26]. When Ni%* is
replaced by nonmagnetic impurity Zn?* or Mg?*, the
position of the maximum in the ac susceptibility is fre-
quency-independent [27]. The presence of impurities,
including uncontrollable ones, in nominally pure
Y,BaNiOj causes the Schottky anomaly in the heat
capacity curve, which manifests itself in an external
magnetic field and shifts toward high temperatures as
the field increases [28, 29].

We tried to explain the anomalies in the y(7)
dependence that were detected in our experiment at
low temperatures by analogy with the explanations
proposed in the works studying doped Y,BaNiOs. As
in Ca-doped Y,BaNiOs, small oxygen nonstoichiom-
etry in Nd,BaNiOs can result in the formation of a
hole in the 2p orbital of oxygen along a nickel chain.
The competition between the antiferromagnetic and
ferromagnetic exchanges that appear between neigh-
boring nickel ions leads to a spin-glass state. It is diffi-
cult to calculate the contribution related to formation
of a hole in the 2p orbital of oxygen inside a nickel
chain. However, a comparison of the experimental
data on heat capacity for Y, (3sCaj(,BaNiOs and
Y,BaNij osMg 04O5 [29] shows that different types of
defects, namely, holes in the 2p orbital of oxygen and
the breaks in chains caused by the substitution non-
magnetic impurities for Ni** ions, lead to the Schottky
anomaly at the same temperature and that this anom-
aly is approximately twice as large as that in the case of
a hole at the same defect concentration. We take into
account this fact, calculate the contribution induced
breaks in chains, simulate our experimental y(7)
dependence, and estimate the chain defect concentra-
tion in our sample (which will be discussed below in
detail).

The existence of uncontrollable nonmagnetic
impurities in Nd,BaNiOs, as those in nominally pure
and Zn- or Mg-doped Y,BaNiOs, can result in breaks
in nickel chains and the formation of a set of chain
segments of various lengths. The lowest-energy level of
a chain segment is fourfold degenerate [20]. Uncom-
pensated spins S = 1/2, which appear at the ends of
chain segments according to the model developed in
[30, 31], can also interact with each other along the
chain through Nd3** ions (in our case). This interac-
tion causes splitting of the fourfold degenerate level
into singlet (5= 0) and triplet (.5 = 1) states, and which
of the states (singlet or triplet) is a ground state
depends on whether a chain segment contains an even
or odd number of Ni?* ions [30]. The value of splitting
8, depends on the chain segment length [20]. The
splitting of triplet 3, into two sublevels, one of which is
doubly degenerate, is caused by the anisotropy of the
Ni?* ion inside the chain. The analysis of the EPR
spectroscopy data performed in [20] showed that the
state with S’ = 1 splits further into three sublevels in the
presence of homogeneous external magnetic field B
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directed along crystal axis c (i.e., normal to the chain).
Using this four-level model, we calculated the magne-
tization and the magnetic susceptibility of a set of
nickel chain segments.

It follows from the calculation that, to explain the
anomaly in the x(7) dependence of Nd,BaNiO; at
3 K, the splitting of the fourfold degenerate level into
asinglet and a triplet should be 8, = 8 K and the splitting
of the triplet should be &, # 1 K. Figure 1b (curve 2)
shows the contribution of 6% nickel chain breaks. The
contribution related to the formation of a hole in the
2p orbital of oxygen in the nickel chain is twice as large
as that related to breaks in chains. Therefore, the total
defect content in the nickel chain in our sample is 3—
6% depending on the relation between the total num-
ber of holes and the number of breaks in the chain.
This percentage of the total number of defects
obtained from our simulation of the y(7) dependence
agrees with the data in [29]. To simulate the contribu-
tion of paramagnetic impurities to the magnetic sus-
ceptibility, we used the Curie law and chose the Curie
constant so that the low-temperature bend up in the
x(7T) dependence is well described. Note that we failed
to determine the type of paramagnetic impurities,
since the chosen Curie constant depends on the impu-
rity concentration and spin. The total contribution of
the neodymium subsystem, paramagnetic impurities,
and nickel chain defects is shown in Fig. 1b (curve 4).
This total contribution well describes the experimental
data. Thus, structural defects allowed us to reveal the
internal properties of the nickel chain. The effects
associated with nickel chain defects indicate that the
nickel subsystem in Nd,BaNiOjs in the ordered region
exhibits the properties identical to those of the disor-
dered Y,BaNiOs Haldane system.

Using the values of all obtained interaction param-
eters of the magnetic subsystems, we were able to esti-
mate the contribution of these subsystems to the field
dependence of the magnetization of Nd,BaNiOs. The
magnetization processes in this compound are caused
by the behavior of the magnetic subsystems in an
external magnetic field. The g-tensor component of
the Nd3* ion along axis ¢ (g, = 5.4) is much higher than
in the perpendicular directions (g, = 0.34, g, = 0.96)
[14]. Therefore, the magnetic moments of neody-
mium do not deviate from axis ¢ even in an external
magnetic field (at least up to 50 T). The condition of
equilibrium of the magnetic moments of the Ni%* ion,
which lie in the ac plane and deviate from axis ¢
through angle y (y = 35° at B=0]7]), is determined by
the magnetic field of the single-ion anisotropy of the
Ni?* ion, which tends to rotate the magnetic moment
of nickel along axis a, and by the joint action of exter-

nal and internal field (B:,I(i ) from the Nd** ion.

A comparison of the experimental M(B) depen-
dences for polycrystalline (this work) and single-crys-
tal [25] samples at 7= 4.2 K (Fig. 3a) shows that the
orientation of magnetic moments changes when an
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external magnetic field is parallel to axis c. Therefore,
we separately considered the magnetization processes
when an external magnetic field is oriented along crys-
tallographic axes a, b, or ¢. As noted above, the contri-
bution of the neodymium subsystem to the total mag-
netization was estimated by Egs. (4) and (5) using the
parameters of interaction of the magnetic subsystems
obtained from the estimated contribution to the tem-
perature dependence of magnetic susceptibility x (7).

When simulating the magnetization processes, we
took into account the relation between the magnetic
moments of nickel and neodymium in both sublat-
tices. In the absence of an external magnetic field in
the ordered state, the relation between the magnetic
moments of nickel and neodymium is well described
by the empirical expression [7]

MY = 1.27arctan(1.06MNd). (6)

An external magnetic field cannot directly affect
the magnetic moment of nickel. This statement fol-
lows from the assumption that the strong interaction
inside the chain (J = 280 K) prevents the magnetic
moments of nickel ions from rotating with respect to
each other in the external field. Moreover, the magne-
tization of the Haldane system is zero up to the fields
corresponding to the “closure” of the Haldane gap.
This fact was experimentally supported for the quasi-
one-dimensional Ni(C,HzN,)NiO,ClO, (NENP)
system [32], where the Haldane gap is about 11 K and
17 K along and across the chain, respectively, and the
critical fields are 7.5 and 11 T, respectively. The
Haldane gap in Nd,BaNiOs is significantly larger
(about 115 K [7]) and the closure field is assumed to be
higher than 100 T i.e., it is significantly higher than
the fields used in this work and in [25] for a single crys-
tal. We assumed that, in an external magnetic field,
relation (6) between the magnetic moments of nickel
and neodymium changes because of the magnetiza-
tion of a set of nickel chain segments. The change in
the magnetic moment of the nickel ion that is caused
by breaks in the chain can be taken into account by
adding a term that is proportional to the magnetiza-
tion of the set of chain segments to MN¢ in Eq. (6).

If external field B is parallel to axis ¢ and B < B,
the magnetic moments of Ni?* and Nd?* in sublattice
1 are almost unchanged, since the magnetic moments
of the Nd3** ion in sublattice 1 are directed along the
field and reach their maximum of 2.7pgz at 7=4.2 K.
The field acting on the Ni>* ions in sublattice 2 created
by the neodymium subsystem decreases, since the
magnetic moment of neodymium MM in sublattice 2
decreases with increasing external field. However, the
magnetic moment MN! of sublattice 2 increases. This
effect is caused by the fact that the splitting between
the sublevels of the triplet state of chain segments
increases with the external field, and the set of chain
segments that appears due to breaks in the Ni chain is
magnetized in this case. Note that, if angle y between
MNi and axis c is varied, the best agreement between a
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calculated magnetization curve and the experimental
M (B) dependence in the range B < B, is reached at a
fixed position of the magnetic moments of nickel ions
(y = 35°, as for B=0 [7]) up to B,,. Our estimation
shows that, in field B = B, one of the sublevels of
state S = 1 intersects with the singlet (5= 0). This spe-
cific feature is likely to result in a change in the orien-

tation of the magnetic moments of nickel at B= B,,,.

At B = B, (field B is parallel to axis c¢), the mag-
netic moments of the Nd** ion remain parallel to axis
¢, and the magnetic moments of nickel deviate from
the initial position and make an angle y = 60° with axis
c. When the magnetization processes in Nd,BaNiO,
were simulated, angle y was varied and the angle y =
60° provided the best description of the step height in
the experimental M.(B) dependence. As the field
increases further in the range B, < B < B,,,, this curve
is described best of all if we assume that the magnetic
moments of Ni>* ions rotate continuously from y ~ 60°
(at B= B,;) toy~=30° (at B= B,,,), with the magnetic
moments of the two nickel sublattices remaining anti-
ferromagnetically directed with respect to each other.

In this field range, the magnetic moment of the
Nd3* ion in sublattice 2 is almost zero and weakly
depends on the external field, and the magnetic
moment of the Ni** ion in sublattice 2 changes mainly
due to the magnetization of chain segments. At B =
B.,, = 16.2 T, the magnetic moments of both Nd** ion
sublattices are oriented along external magnetic field
B parallel to axis ¢ (note that the field B= B, =16.2 T
is close to the effective exchange field acting on neody-

mium, Bg(d ~ 15.2 T), and the magnetic moments of

the Ni’* ion make an angle of 65° with the external
field direction. At B > B,,,, the magnetic moments of

the Ni** ion in both sublattices become maximal due
to the magnetization of chain segments. This behavior
makes an additional field-independent contribution
to the resulting magnetization.

If an external magnetic field is parallel to axis b
(or a), both sublattices of the neodymium and nickel
subsystems are equivalent (or almost equivalent) rela-
tive to the external field. Therefore, the direction of
the magnetic moments of nickel does not change
sharply over the entire field range under study.

The experimental M, (B) (o = a, b, ¢) dependences
obtained for a single crystal in [25] are well described
by the total contribution of the neodymium subsystem
and paramagnetic impurities (which make a field-lin-
ear contribution to the total magnetization). In
Fig. 3b, we present the result of our calculation of the
average magnetization M(B) = (M, + M, + M.)/3 of
the neodymium subsystem calculated by Egs. (4) and
(5) with the addition of the magnetization of paramag-
netic impurities (Curie constant was chosen so that the
initial tilted section in the experimental M(B) curve for
a single crystal is reproduced [25]). Good agreement
between the calculated and experimental [25] curves is
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obvious. Except for the field range B > B, (field B is
parallel to axis c), the contribution of the nickel sub-
system is much smaller that it could be for the antifer-
romagnetically ordered system. The strong antiferro-
magnetic exchange inside the chain (J = 100 K) pre-
vents the magnetic moments of nickel ions from
changing their directions with respect to each other in
an external field. At B > B,,, (where field B is parallel
to axis c), both sublattices of the nickel subsystem
become equivalent with respect to an external field
and the field from neodymium, which causes an addi-
tional contribution to the resulting magnetization.

As for our polycrystalline sample, the experimental
points in some field ranges lie higher than the curve
M(B) = (M, + M, + M.)/3 plotted from the experi-
mental data for the single crystal (Fig. 3a). This behav-
ior can be explained by a large number of paramag-
netic impurities in our sample as compared to the sin-
gle crystal studied in [25]. The solid line in Fig. 3c
shows the calculated dependence of average magneti-
zation M(B) for a sample with the parameters of a sys-
tem of phonon modes impurities obtained in estimat-
ing the magnetic susceptibility x(7) of our sample.
The resulting calculated magnetization includes the
contribution related to defects in the nickel chain with
the parameters determined for (7). The difference
between the experimental dependence obtained for
the polycrystal and the dependence calculated at B >
B, is explained by the presence of various external
field orientations with respect to the crystallographic
axes in the polycrystal. In this case, the magnetic
moments of nickel can rotate, e.g., in both a field par-
allel to axis a and a field making a certain angle with
axis c.

CONCLUSIONS

We studied the temperature dependences of the
heat capacity, the magnetic susceptibility, and the
splitting of the ground Kramers doublet of the Nd3*
ion in Nd,BaNiO;. To describe the experimental data
correctly, we took into account both the action of the
nickel subsystem on the Nd3* ion subsystem and the
interaction of the magnetic moments of neodymium
with each other. An analysis of the temperature depen-
dence of the magnetic susceptibility demonstrates that
the internal disordering of the nickel subsystem mani-
fests itself in the paramagnetic region and at low tem-
peratures. The low-temperature anomaly (at 7'~ 3 K)
in the magnetic susceptibility curve was explained by
the presence of chain defects. It was shown that the
specific features in the field dependence of the magne-
tization of a polycrystalline sample at B.,; and B, that
were detected correspond to the pronounced steps in
the M.(B) dependence measured in a field parallel to
axis c in a Nd,BaNiOs single crystal [25]. This charac-
ter of the field dependence of magnetization is dis-
cussed. The model proposed to explain the behavior of
magnetization as a function of field takes into account
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that (1) the strong magnetic anisotropy of the Nd3* ion
prevents the magnetic moments of neodymium from
deviating from axis c, even in a high external magnetic
field; (2) the strong antiferromagnetic exchange inside
the chain (J = 280 K) prevents the magnetic moments
of nickel ions from changing their directions with
respect to each other in an external field; and (3)
breaks in nickel chains, which always exist in the sam-
ple because of, e.g., paramagnetic impurities, contrib-
ute to the magnetization and change the magnetic
moment of the nickel ion.
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