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Spin-spin correlations and microscopic origin of net magnetization in the spin-1 trimer chain compound
CaNi;P,0y4 have been investigated by powder neutron diffraction. The present study reveals a three-dimensional
long-range magnetic ordering below 16 K where the magnetic structure consists of ferromagnetic trimers that
are coupled ferromagnetically along the spin-chain direction (b axis). The moment components along the a and
¢ axes arrange antiferromagnetically. Our study establishes that the uncompensated moment components along
the b axis (m;) result in a net magnetization per unit cell. The magnetic structure, determined in the present study,
is in agreement with the results of recent first-principles calculation; however, it is in contrast to a fascinating
experimental prediction of ferrimagnetic ordering based on the periodicity of the exchange interactions in
CaNi3P,0,4. Our study also confirms the presence of broad diffuse magnetic scattering, due to one-dimensional
short-range spin-spin correlations, over a wide temperature range below ~50 K down to a temperature well below
the 7. Total neutron scattering analysis by the reverse Monte Carlo (RMC) method reveals that the dominating
spin-spin correlation above 7, is ferromagnetic and along the b axis. The nearest-neighbor spin-spin correlations
along the a and ¢ axes are found to be weakly antiferromagnetic. The nature of the trimer spin structure of the
short-range ordered state (above T) is similar to that of the 3D long-range ordered state (below 7). The present
investigation of microscopic nature of the magnetic ground state also explains the condition required for the 1/3
magnetization plateau to be observed in the trimer spin chains. In spite of the S = 1 trimer chain system, the
present compound CaNi;P,O4 is found to be a good realization of a three-dimensional magnet below 7, = 16 K
with full ordered moment values of ~2 w5 /Ni*™ (1.98 and 1.96 15 /Ni** for two Ni sites, respectively) at 1.5 K.
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I. INTRODUCTION

The study of quantum spin systems, in particular, one-
dimensional (1D) spin chains, is one of the main interests
in condensed matter physics. Magnetic ordering in 1D is
generally suppressed even at 7 = 0 K by strong quantum
fluctuations [1,2]. Moreover, the ground-state and low-lying
excitations are strongly dependent on the spin value. The
ground state of a spin-1/2 Heisenberg antiferromagnetic
(AFM) chain belongs to the universality class of Luttinger lig-
uids, showing an algebraical decay of correlation function and
that magnetic excitations are gapless continuum of spinons [3].
For the S = 1 counterpart, the ground state is a nonmagnetic
singlet which can be understood in terms of valence bond
solid state, and a gap exists between the singlet ground and the
first triplet excited states [4,5]. Long-range magnetic ordering
can be stabilized in 1D spin-chain compounds by introduc-
ing sufficiently strong interchain interactions and anisotropy
[6-8]. Besides uniform spin chains, alternating [9], dimer [10],
trimer [11], and tetramer [12] spin chains (Fig. 1) with multiple
intrachain interactions have recently attracted much attention
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due to their various unconventional magnetic properties that
originate from the periodicity of exchange interactions within
the chains.

Trimer spin chains are of interest to us. Trimer spin chains
are formed by interconnecting trimers in the one dimension
with intratrimer exchange interaction J; and intertrimer
exchange interaction J,, which leads to periodic exchange
interactions J-J;-J, [Fig. 1(c)]. Various magnetic properties
are expected depending on the sign and relative strength
(J»/J1) of the interactions, spin values, as well as anisotropy.
For an AFM trimer chain with an integer spin, the ground
state is theoretically predicted to be trimerized and a gap is
present between the ground state and the first excited state for
an extended domain of exchange interactions strengths [13].
For the half-integer case, the ground state of an AFM trimer
is degenerate [14]. However, a rare availability of the real
compounds with trimer spin chains limits the experimental
investigations and verification of the theoretical proposals.
Nevertheless, interesting macroscopic quantum phenomenon
of a 1/3 magnetization plateau was reported experimentally
for a few Cu-based spin-1/2 AFM trimer chain compounds,
Cu3(P,06OH), [15,16] and A3Cu3(PO4)s (A =Ca, Sr,
and Pb) [17].

A recent discovery of the trimer spin-chain compounds
with the general formula AM3P,0,4 (where A = Ca, Sr, Ba,
and Pb and M = Co, Mn, and Ni) [18-22] allows the role of
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FIG. 1. A schematic representation of (a) linear, (b) dimer,
(c) trimer, and (d) tetramer spin chains with different periodicity
of interactions.

spin value, anisotropy, as well as the sign and relative strength
(J2/Jy) of the interactions to be investigated. The compounds
with Mn (§ = 5/2), i.e., AMn3P,014 (A = Sr and Ba) exhibit
both quantum mechanical 1/3 magnetization plateau and
classical magnetic long-range order [18,23]. The magnetic
structure is reported to be a coplanar spiral antiferromagnet
below Ty (=2.2 K) [24], whereas no magnetization plateau
is found for the isostructural Co- (S = 3/2) and Ni- (§ = 1)
based compounds having low spin values [11,25]. Determi-
nation of microscopic spin structure is, therefore, demanded
on isostructural compounds to understand the reason behind
the absence or presence of the magnetization plateau in
trimer spin-chain compounds. For StCo3P4014, a canted AFM
ground state is reported below Ty ~ 6.5 K [25]. However,
the exact nature of the magnetic ground state (microscopic
magnetic structure) of CaNi3P,Oy4 is unknown and is the
subject of the present study.

For the compound CaNi3;P4Oy4, there is a fascinating
prediction that this compound shows a unique long-range
ferrimagnetic ordering due to the periodicity of the exchange
interactions [11,26]. The prediction is based on Monte Carlo
(MC) analysis of bulk magnetization studies. Trimer units in
CaNi3P40,4 are described by an AFM intratrimer exchange
interaction J; and a ferromagnetic (FM) intertrimer exchange
interaction J, along the spin chain [11]. The spontaneous
magnetization is explained qualitatively on the basis of a
ferrimagnetic long-range order [11]. In contradiction to the
above proposal, recent first-principles calculation on the same
compound estimates that both the J; and J, interactions are
FM [26]. A recent experimental study by nuclear magnetic
resonance (NMR) reveals a two-sublattice AFM order [26].
However, neither the first-principles calculation nor the NMR
study throws light on the magnetic ground state to explain
the origin of the net magnetization. An experimental study to
reveal microscopic spin structure is, therefore, essential and is
the subject of the present work. In addition, an unusual weak
exponent in the power-law behavior of Tll below 50 K is also
reported from the NMR study [26], suggesting the presence
of short-range spin-spin correlations in CaNi3P,Oy4, which
awaits experimental verification.

In the present work, we have employed neutron diffraction
to investigate the magnetic ground state and the micro-
scopic origin of the net magnetization in CaNi3P4O4. Our
investigation reveals that the magnetic structure consists of
FM trimers which are arranged ferromagnetically along the
chain (b axis). The present experimental results are consistent
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with the first-principles calculation which estimates both FM
Ji and J,. The present study also establishes that the net
magnetization originates from the uncompensated moment
components along the chain direction (b axis), in contrast
to the reported ferrimagnetic ordering. The present neutron
diffraction study also confirms the presence of short-range
spin-spin correlations below ~50 K over a wide temperature
range down to a temperature well below the three-dimensional
(3D) long-range magnetic ordering temperature, 7, = 16 K.
Short-range spin-spin correlations have been quantified by
total scattering analysis of the neutron diffraction data using
the reverse Monte Carlo (RMC) method. Dominant spin-spin
correlations above 7, are found to be FM and along the chain
axis (b axis).

II. EXPERIMENTAL DETAILS

Polycrystalline samples of CaNi3P4O;4 were synthesized
using a solid-state reaction method in air. A stoichiometric
mixture of NiO (99.99%), CaCO3 (99.99%), and (NH4),HPO,
(99.99%) was heated at 1000°C for 150 h with several
intermediate grindings.

Powder neutron diffraction measurements were performed
down to 1.5 K. A room temperature diffraction pattern over a

wide Q range of 0.5-9.5 A~ was recorded using the neutron
powder diffractometer IT (A = 1.2443 10%) at the Dhruva reactor,
Trombay, India. Low-temperature (over 1.5-100 K) diffrac-
tion patterns were recorded using the DMC diffractometer
(A =2.4585 A) at the Paul Scherrer Institute (PSI), Switzer-
land. The measured diffraction patterns were analyzed us-
ing the Rietveld refinement technique (by employing the
FULLPROF computer program [27]). Short-range spin-spin
correlations were investigated by the RMC-simulation-based
program RMCPOW [28].
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FIG. 2. Experimentally observed (circles) and calculated (solid
line through the data points) neutron diffraction patterns for
CaNizP,0y, at 300 K. The difference between observed and cal-
culated patterns is shown by the solid line at the bottom. The vertical
bars indicate the positions of allowed nuclear Bragg peaks for the
main phase CaNi;P,O,4 (top row) and the minor secondary phase
Ni; P,Og (bottom row), respectively.
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TABLE 1. The Rietveld refined fractional atomic coordinates
and isotropic thermal parameters (Bj,) for CaNizP,O4 at room
temperature. Occ. stands for site occupancy.

Atom Site x/a v/b z/c Biso Occ.
Ca 2b 0.5 0 0 0.644) 1.0
Ni(1) 4e 0.1840(6) 0.6250(6) 0.0237(4) 0.69(6) 1.0
Ni(2) 2a 0 0 0 0.57(3) 1.0
Pl 4e  0.8794(11) 0.7021(12) 0.191009) 0.62(2) 1.0
P2 4e  0.6048(11) 0.4333(10) 0.2093(9) 0.514) 1.0
o1 4e  0.3921(10) 0.4778(10) 0.1963(8) 1.94(6) 1.0
02 4e  0.0106(9) 0.2098(8) 0.1346(8) 0.68(4) 1.0
03 4e  0.9728(10) 0.5781(10) 0.1171(8) 0.79(5) 1.0
04 4e  0.6731(9) 0.6247(10) 0.1734(8) 0.85(3) 1.0
05 4e  0.6196(10) 0.2999(10) 0.0868(8) 0.79(4) 1.0
06 4e  0.2718(9) 0.8832(10) 0.1323(8) 1.08(5) 1.0
o7 4e  0.8285(11) 0.8801(10) 0.1033(8) 1.04(4) 1.0

III. RESULTS AND DISCUSSIONS

A. Crystal structure

The crystal structure of CaNi3P4Oy4 is investigated by
neutron diffraction at room temperature. The Rietveld refined
neutron diffraction pattern (measured at Trombay) is shown
in Fig. 2. The Rietveld analysis confirms that CaNizP4O4
crystallizes in the monoclinic symmetry (space group P2;/c)
with lattice parameters a = 7.3091(8) A, b = 7.5574(9) A,
¢ =9.3545(11) A, and 8 = 111.989(7)° at 300 K, which are
consistent with the previous report [11]. The refined values of
fractional atomic coordinates and isotropic thermal parameters
are given in Table I. All the atomic sites are considered to be
fully occupied and kept fixed during the refinement.

The crystal structure of CaNi3P4Oy4 consists of an edge
shared NiOg octahedra, forming zigzag chains along the
crystallographic b axis (Fig. 3). The magnetic Nit (348,
S§=1) ions are located at two crystallographic independent
sites, 4e [Ni(1)] and 2a [Ni(2)]. Two types of Ni-Ni bonds, viz.
Ni(1)-Ni(2) and Ni(1)-Ni(1), are formed per chain (Fig. 3).
These two bonds, having different natures (Table II), give
rise to the exchange interactions J; and J, with different
strengths. This results in a spin-1 trimer (J;-J;-J) chain
structure along the b axis. There are two different types of such
chains depending on the local orientations of trimers within
the chains (marked as chain-1 and chain-2 in Fig. 3). For

FIG. 3. The crystal structure of CaNi3;P,O14. The trimer units are
formed by Ni(1)-Ni(2)-Ni(1), as marked by ellipsoids.
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chain-1, the trimers are slightly deviated (from the b axis)
along the negative a axis, whereas in chain-2, they are deviated
along the positive a axis. The chains are interconnected by
P,0O; groups (formed by two corner shared POy tetrahedra) in
a three-dimensional structure.

The Rietveld analysis also shows the presence of a sec-
ondary phase of Ni3P,Og (weight % =~ 10%). The refinement
was performed with a two-phase model that gives the best
agreement between observed and calculated patterns (R:
2.79%, Ryp: 3.67%, Rexp: 1.60%, Xz: 5.28%). The crystal
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FIG. 4. Experimentally observed (circles) and calculated (solid
lines through the data points) neutron diffraction patterns for
CaNi;P,0y4 at (a) 25 K (paramagnetic state) and (b) 1.5 K (mag-
netically ordered state), respectively. (c) Magnetic pattern at 1.5 K
(after subtraction of nuclear background at 25 K). The solid lines at the
bottom of the each panel represent the difference between observed
and calculated patterns. The vertical bars indicate the positions of
allowed nuclear (N) and magnetic (M) Bragg peaks for both the main
CaNi;P,0;4 (CNPO) and impurity NizP,Og (NPO) phases (see text).
The dashed line in (c) is the calculated pattern for the AFM trimer
model (see text for details).
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TABLE II. Possible pathways for intratrimer and intertrimer exchange interactions J; and J,. The Ni-Ni direct distances, bond lengths, and
bond angles for the exchange interactions J; and J, in CaNi;P,0,4 at 300 K.

Exchange Ni..Ni direct Bond lengths Bond angles

interaction distance (A) (A) ©)

Ji Ni(1)-Ni(2) = 3.109(5) Ni(1)-02 = 2.049(7); Ni(2)-02 = 2.008(7) Ni(1)-02-Ni(2) = 100.1(3)
Ni(1)-06 = 2.182(8); Ni(2)-06 = 2.101(6) Ni(1)-06-Ni(2) = 93.0(3)

J Ni(1)-Ni(1) = 3.179(6) Ni(1)-03 = 2.067(8), 2.069(10) Ni(1)-03-Ni(1) = 100.5(4)

structure of the secondary phase Ni3P,Oyg is also monoclinic
with space group P2;/c [29]. The lattice parameters of
Ni3P,0ys are found to be a = 5.7665(5) A, b = 4.6884(4) A,
¢ = 10.1339(8) A, and B = 90.02(9)°, which are in good
agreement with the values reported in the literature [29].

B. Long-range magnetic correlations
1. Magnetic ground state

The nature of the magnetic ground state is investigated by
neutron diffraction at several temperatures below and above the
magnetic ordering temperature, 7. = 16 K. For this purpose,
we employed the cold neutron powder diffractometer DMC
at PSI, Switzerland, which provides good intensity as well
as good resolution over the low-Q region. The measured
diffraction patterns at 25 K (paramagnetic state) and at 1.5 K
(magnetically ordered state) are shown in Figs. 4(a) and 4(b),
respectively. Owing to the presence of a minor NizP,Og
secondary phase, the neutron diffraction pattern at 25 K was
refined with a two-phase model (i.e., the nuclear phases of
CaNi3P40,4 and Ni3P,0Og). The monoclinic crystal structures
with space group P2, /c for both the nuclear phases (as found at
room temperature) reproduce the observed diffraction pattern
very well. The diffraction pattern at the base temperature of
1.5 K (magnetically ordered state) shows the presence of a set
of additional magnetic Bragg peaks (forbidden in the space
group P2;/c) as well as an increase of the intensity of a few
nuclear Bragg peaks [Fig. 4(b)]. All the magnetic peaks could
be indexed with a propagation vector k = (0 0 0) with respect to
the monoclinic unit cell of the nuclear phase of CaNi3P4O4.
In addition, a few other weak peaks appear from the AFM
[propagation vector = (1/2 1/2 1/2)] phase of NizP,Og
(Ty ~ 17.1 K) [29].

To determine the symmetry-allowed magnetic structure of
CaNi3P4014, we performed a representation analysis [30-37]
using the version 2 K of the program SARAH REPRESEN-
TATIONAL ANALYSIS [38]. The inputs for this analysis are
the crystal structure above 7, and the propagation vector
of the magnetic ordering. The magnetic representation of a
crystallographic site can then be decomposed in terms of the
irreducible representations (IRs) of G as

l—‘Mag = Znurf, (D

where n, is the number of times that the IR I'), of order u
appears in the magnetic representation I'v,, for the chosen
crystallographic site. The number of possible “symmetry-
allowed” magnetic structures is simply the number of nonzero
IRs in the magnetic representation.

For CaNi;P40y4, the crystal structure is monoclinic with
space group P2;/c. All four symmetry operations of this
space group leave the propagation vector k invariant. For the
propagation vector k = (0 0 0), the irreducible representations
of the little group Gk are given in Table III. There are
four possible IRs which are one dimensional. The magnetic
reducible representation I"p,, for the Ni(1) (4e site) and Ni(2)
(2a site) sites can be decomposed as a direct sum of IRs, i.e.,

Thiee = 301 + 373 + 30} + 3T )

and
Mhie = 30} + 00} + 3T} + 0T, 3)

respectively. The basis vectors (the Fourier components of
the magnetization) for the two magnetic sites Ni(1) [4e (x,
v, 2); (0.1828, 0.6235, 0.0246)] and Ni(2) [2a (0, 0, 0)]
are given in Table IV for all nonzero IRs. The basis vectors
are calculated using the projection operator technique imple-
mented in SARAH [38,39].

As per the Landau theory for a second-order phase
transition, only one representation can be involved in a critical
transition. For CaNi3P40Oy4, there are two magnetic sites
Ni(1) and Ni(2). For Ni(1), there are four possible magnetic
structures, I'y, I',, I'3, and I'4. On the other hand, for Ni(2),
there are two possible magnetic structures (I'; and I'3). Since
there is only one magnetic transition in CaNi3P4O4 (at T =
16 K), the magnetic structure should correspond to a single IR,
either by I'; or by I';, common for both the Ni(1) and Ni(2)
sites (Table IV).

The refinement of the magnetic structure was tested for
both I'j and I';. Only the I'; yields the best fit to the
observed diffraction pattern at 1.5 K. The basis vectors for I’y
indicate that the moment components along all the a, b, and ¢
axes are refinable. The simultaneous refinement of all three
moment components yields m, = —0.13 £0.06 ug, m;, =
0.18 £0.10 up, and m, = 1.92 £ 0.04 pp for the Ni(1) site;

TABLE III. Irreducible representations of the group Gy of the
propagation vector k = (0 0 0) for CaNi3P,O,4.

Symmetry element of G

IRs  {E|000}  {C5,]00.50.5}  {I]000}  {0,]00.50.5}
r! 1 1 1 1
r 1 1 -1 -1
r! 1 -1 1 -1
r! 1 -1 -1 1
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TABLE IV. Basis vectors of the magnetic sites Ni(1) and Ni(2)
with k = (0 0 0) for CaNizP,O4. Only the real components of
the basis vectors are presented. The atoms of the nonprimitive basis
are defined according to Ni(1)-1:(0.1828, 0.6235, 0.0246); Ni(1)-2:
(0.8172,0.1235, 0.4754); Ni(1)-3: (0.8172,0.3765, 0.9754); Ni(1)-4:
(0.1828, 0.8765, 0.5246) and Ni(2)-1: (0, 0, 0); Ni(2)-2: (0, 0.5, 0.5).

Basis vectors

Site (4e) Site (2a)

IRs Ni(D-1 Ni(1)-2 Ni(1)-3 Ni(1)-4 Ni2)-1 Ni(2)-2
' W, (100) (-100) (100) (-100)  (200)  (-200)

W, (010) (010) (010) (010)  (020)  (020)

W, (001)  (00-1)  (001)  (00-1)  (002)  (00-2)
! W (100)  (-100) (-100)  (100)

W, (010) (010) (0-10) (0-10) -

W, (001)  (00-1) (00-1)  (001)
! W, (100) (100) (100)  (100)  (200)  (200)

W, (010) (0-10) (010) (0-10)  (020)  (0-20)

W, (001)  (001)  (001)  (001)  (002)  (002)
Il W, (100)  (100) (-100)  (-100)

W, (010) (0-10) (0-10)  (010) -

W, (001)  (001)  (00-1)  (00-1)

and m, = 0.16 =2 0.10 g, mp = 0.18 £0.10 wp, and m, =
2.01 £0.06 up for the Ni(2) site. It is apparent that the
moments are aligned predominantly along the c axis. The total
ordered magnetic moment values myji) = 1.98 £0.04 g
and mpyip) = 1.96 £0.06 up are in good agreement with
the theoretical value of the spin only ordered moment of
28 =2 up. The fitted pattern, as shown in Fig. 4(b), was
obtained with a model of four phases (nuclear and magnetic
phases for both the CaNizP4O;4 and NizP,Og compounds).
For further clarification, the pure magnetic pattern at 1.5 K
(after subtraction of nuclear background at 25 K) is shown
in Fig. 4(c) with the fitted pattern by a two-phase model (the
magnetic phases of the CaNizP,0O4 and Ni3P,Og compounds).
The Ry, factor was found to be 2.96% for the magnetic phase
of CaNi3P4014.

The magnetic structure for CaNi3P,Oy4 corresponding to
I'; is shown in Fig. 5. For both the Ni(1) and Ni(2) sites, the
moment components along the b axis are parallel to each other,

FIG. 5. The magnetic structure of CaNi;P,O4 below T..
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whereas the moment components along the a and ¢ axes have
antiparallel arrangements (Table IV). Moreover, the resulting
total moments (m) of the Ni(1) and Ni(2) sites arrange almost
parallel to each other. This results in a ferromagnetic-type
trimer with an almost parallel arrangement of Ni(1)-Ni(2)-
Ni(1) moments. Such trimers are coupled ferromagnetically
along the chain (b axis). The magnetic moment components
along the a and c¢ axes are coupled antiferromagnetically,
implying an AFM interchain interaction. In this magnetic
structure, within a unit cell the moment components along
each of the a and ¢ axes are canceled out individually for
both the Ni(1) and Ni(2) sites. The parallel arrangement of
the b components (m;) of individual Ni(1) and Ni(2) sites as
well as among the two [Ni(1) and Ni(2)] sites results in a net
magnetization (~1.08 wp per unit cell). The net magnetization
~0.18 115 /Ni** is in good agreement with that reported from
the bulk magnetization [11].

The observed FM trimers [parallel arrangement of Ni(1)
and Ni(2) moments within the trimers] are in agreement with
the recent first-principles calculations [26] where both J; and
J, are estimated to be FM in nature. However, this magnetic
structure is inconsistent with the predicted AFM intratrimer
interaction J; from a MC analysis of magnetization data [11].
The FM trimers in CaNi3P,Oy4 are similar to those reported
for the isostructural compound SrCos;P40;4 from a neutron
diffraction study [25]. A model with AFM intratrimer spin
structure [antiparallel arrangement of the Ni(1) and Ni(2)
spins] does not fit the observed magnetic diffraction pattern, as
shown by the dashed curve in Fig. 4(c). The present result of
FM trimers is also consistent with the Goodenough-Kanamori
rules of superexchange interactions [40,41]. As per the rule,
a superexchange interaction involving an exchange path with
90° bond angles, as in the case of CaNi;P4O;4 where the
intratrimer interactions J; consist of superexchange paths
Ni(1)-O2-Ni(2)/Ni(1)-06-Ni(2) with bond angles close to 90°
(Table 1II), is preferably FM type.

2. Critical exponent

To investigate further the nature of the magnetic ordering,
we have carried out a temperature-dependent neutron diffrac-
tion study. With the increasing temperature up to 7, = 16 K,
the intensity of the magnetic peaks decreases monotonically
without any change in the magnetic peak positions, demon-
strating that there is no change of the k vector. The temperature
dependencies of the ordered moments for both the Ni(1) and
Ni(2) sites are shown in Fig. 6. The ordered moments were
derived from the Rietveld refinement of the neutron diffraction
patterns at individual temperatures. This method considers
only the magnetic Bragg peak intensities, corresponding
to the long-range magnetic ordering, for the determination
of the magnetic moments. These measurements allow us
to determine the critical exponent B for the temperature-
induced phase transition from the long-range ordered state
to the paramagnetic state. At a second-order magnetic phase
transition, like the present case, the order parameter is a
continuous function of temperature and the critical properties
can be described by the critical exponent S. Here, the order
parameter is the ordered moment at the magnetic site (m),
which is zero in the disordered or paramagnetic phase and
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FIG. 6. Temperature-dependent total ordered magnetic moments
for both the Ni(1) and Ni(2) sites obtained from the Rietveld analysis
of the magnetic Bragg peaks. The solid line is the power-law fit
[Eq. (4)] to the data.

nonzero in the magnetically ordered phase at 7 < 7. The
order parameter m can be expressed as

m(T) = A(T. — T, )

where A is a proportionality constant and 7 is the long-range
magnetic ordering temperature. The fit of the above equation
to the observed data over a limited temperature range near 7,
(0.625 < T/ T, < 1) is shown by the solid red curve in Fig. 6.
The fitted values of 8 and T, are found to be 0.36 £ 0.03
and 15.99 + 0.02 K, respectively. The fitted value of B agrees
well with the theoretically expected value of 0.367 for the 3D
Heisenberg model [42].

C. Short-range magnetic correlations

We now discuss the magnetic correlations above and around
T, = 16 K. The neutron diffraction patterns at 1.5, 10, 15, 18,
25, 50, and 100 K are shown in Fig. 7. With the lowering
of temperature, a broad diffuse magnetic peak, corresponding
to short-range spin-spin correlations, appears below ~50 K

with a maximum at the Q position ~0.7 A", This indicates
that short-range spin-spin correlations start to develop at a
temperature which is about 3 times higher than 7, = 16 K.
The board peak appears around the same Q position of
the 3D magnetic Bragg peak (0,0,1) that is found below
T. = 16 K (Fig. 4). With decreasing temperature, the intensity
of the broad peak increases continuously down to 7. Around
T,, the broad peak gradually transforms into the magnetic
sharp Bragg peak. A similar diffuse peak was reported for
several quasi-1D spin-chain systems [43,44], including the
isostructural compound CaMn;P40,4 [24], where the broad
peak was assigned to one-dimensional short-range spin-spin
correlations. Such 1D short-range spin-spin correlations ap-
pear when the thermal energy becomes comparable to the
stronger intrachain interaction in the quasi-1D compounds.
At low temperature, when the weaker interchain interaction
overcomes the thermal energy, the 3D long-range magnetic
ordering occurs at 7.
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FIG. 7. The neutron diffraction patterns, zoomed over low-Q and
low-intensity regions, at 1.5, 10, 15, 18, 25, 50, and 100 K. The
broad temperature-dependent diffuse peak centered at around 0.7 A
corresponds to the short-range spin-spin correlations. The patterns are
shifted vertically for better clarity.

To analyze the observed weak diffuse magnetic scattering
and to investigate the nature of the short-range spin-spin
correlations, we have employed the RMC method by using
the program RMCPOW [28]. The main advantage of the RMC
method is that it calculates total scattering, which includes both
total nuclear scattering (Bragg+diffuse) and total magnetic
scattering (Bragg-+diffuse). Hence, the individual contribu-
tions of nuclear Bragg, nuclear diffuse, magnetic Bragg, and
magnetic diffuse can be separated out from the total scattering
in a neutron diffraction pattern. Unlike other methods, this
method does not involve an analytical model for the line shape
(such as Warren [45], Lorentzian, etc. functions) or a priori
assumption about magnetic order dimensionality. This method
provides useful information, especially direct space spin-spin
correlations along individual crystallographic directions. Such
a method has been successfully applied recently to several
magnetic systems to analyze the short-range spin-spin correla-
tions [46—48]. In this RMC method, the nuclear and magnetic
phases were analyzed together for each of the temperature
patterns where the observed intensity was corrected as per the
standard data reduction method. The recorded neutron patterns
were corrected for the nonsample (instrumental) background
and normalized to a vanadium standard. The overall data
normalization, during the RMC refinement, was achieved
by choosing a refinable scale factor for the nuclear phase
and keeping the magnetic scale factor fixed with respect to
the nuclear phase. The Q-independent incoherent scattering
from the sample was modeled by selecting a refinable flat
background. The thermal diffuse (nuclear) scattering was
estimated analytically from the mean-square displacement
parameters obtained from the Rietveld refinement (refined
isotropic temperature factors, B). No absorption correction
was considered, as the overall absorption cross section was
negligible as compared to the total scattering cross section.
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For the RMC calculation at each temperature, we used the
predetermined values of the lattice parameters and fractional
coordinates of all atoms which were obtained from the Rietveld
refinement of the diffraction patterns at the corresponding
temperatures. We fixed the positions of all the atoms (i.e.,
without any static nuclear diffuse scattering) to accurately
determine the magnetic diffuse scattering. The positions of
spins were fixed at their crystallographic sites, while their
orientations were refined in order to fit the data at each
temperature. We also assumed that both Ni sites (2a and 4e
sites) are equivalent magnetically and have an equal magnitude
of magnetic moments. We performed the RMC simulations
using a 8 x 8 x 8 supercell of the monoclinic unit cell containing
3072 spins. Random spin configurations with each Ni**
ion having effective moment g x /[S(S+ 1)] =2.83 up
were taken as the starting point, and individual spins were
allowed to rotate independently during the refinement. Several
independent calculations were performed for each of the
temperatures in order to obtain an average scattering profile.

Figure 8(a) shows the experimentally observed and the
RMC calculated total scattering patterns at 18 K (T > Ty)
where the intensity of the magnetic diffuse scattering is
maximum. The spin-spin correlations [(5’ ) - S (r))], obtained
from the RMC analysis, at 18 K are plotted along the
three crystallographic directions (a, b, and ¢ axes) in real
space [Fig. 8(b)]. The spin-spin correlations along the chain
direction (b axis) are always positive (FM) and stronger. Such
spatial correlations follow an exponential decay [~exp(r/£)]
behavior with distance r, as expected for ferromagnetic
correlations [49]. The spin-spin correlations along the a and ¢
axes are found to be very weak. Here we would like to comment
that the reported first-principles calculations [26] consider
the exchange interactions in the local coordination among the
Ni(2) ions only [via the Ni(2)-O-P1-O-Ni(2) pathway where
Ni(2)-Ni(2) distance = 6.04 A]. The calculations estimate
that the J; interaction (along the almost [011] direction
within the bc plane) is the strongest. On the other hand, in
an experimental scenario (with regard to magnetic ordering),
an average strength of all exchange bonds along a particular
direction contributes. In the present system, the density of
the J3 bonds is one-third of that of the intrachain interactions
(J1 and J). The reduced bond density causes an effectively
weaker J; as compared to J; and J,. This may result in
the dominating correlation along the chain axis. For both
a and c directions, the negative values of (S(0) - S(r)) for
the nearest-neighbor distance reveal AFM correlations. The
correlations are present only up to nearest neighbors. Above
T, the presence of dominating spin-spin correlations along
only the chain axis reveals the 1D nature of the magnetic
ordering. This suggests that the effective strongest interactions
are along the chain (b axis) direction. The obtained spin
structure at 18 K (above T.), i.e., a FM-type moment
arrangement along the chain axis and AFM-type arrangement
along the a and ¢ axes, is similar to that found below 7, = 16 K
for the long-range magnetic structure involving FM spin
trimers (Fig. 5). With decreasing temperature, the short-range
FM spin-spin correlation length along the chain axis increases
monotonously with a correlation length of § ~ 4.8 Aat18K
(inset of Fig. 8). With decreasing temperature, a correlation
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FIG. 8. (a) The neutron diffraction pattern (open circles) at
18 K (above Ty). The solid curve through the data points is the
calculated total neutron scattering by the RMC method. The estimated
diffuse magnetic scattering is shown by the solid spheres at the
bottom. The additional peaks from the secondary phase Ni;P,Og are
marked by arrows. (b) The spin-spin correlation functions along three
crystallographic directions [a, b, and ¢ axes]. The thick solid line over
the data points for the b axis is the fitted curve by ~ exp(r/&). The thin
solid lines over the data points for the a and ¢ axes are guides to the
eyes. The inset shows the temperature dependence of the correlation
lengths along the b axis.

develops along the chain axis when the strength of the
intrachain interactions becomes comparable with the thermal
energy at ~50 K. At T,, the weaker interchain interactions
along the a and ¢ axes become comparable to the thermal
energy, and a 3D long-range magnetic ordering develops.
Now we discuss the consequence of the FM trimers in
the present compound CaNi3P4O4 on the observed magnetic
properties as compared to that of the isostructural compounds
in the series A M3P4014. First we focus on the 1/3 magnetiza-
tion plateau that appears only for the Mn analogs, not for the
Ni and Co analogs. It is reported that the 1/3 magnetization
plateau for the Mn compound originates due to quantum
mechanical discrete energy levels of the magnetic eigenstates
of the spin-5/2 AFM trimer [23,50]. The magnetization
plateau in the magnetic field range 2—-10 T appears due to
an energy gap between the plateau state (total spin 5/2) and
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the higher state (total spin 7/2), where the increase of the
magnetization with magnetic field is prevented by the energy
gap. The discrete energy levels remain in StMn3P4O14 in spite
of the introduction of weak 3D intertrimer interactions along
the chain and between the chains. The required conditions
for the 1/3 magnetization plateau were inferred as good
one-dimensional characteristics with both AFM intratrimer
(J1) and intertrimer (J;) interactions within the chains [18].
However, the Ni- and Co-based compounds have FM trimers
that are coupled again ferromagnetically (both the FM J;
and J;) along the chain. Therefore, the present compound
CaNi3;P40,4 becomes an effective S = 3 ferromagnetic chain,
whose excitations are gapless spin waves. This is in contrast
to the prediction of the AFM trimer system [13] where the
excitations are gapped. On the other hand, two magnetization
plateaus at 1/3 and 2/3 of the saturation magnetization are
classically expected for S = 1 FM trimer chains when the FM
trimers (J; FM) are coupled antiferromagnetically (J, AFM)
and the ratio J,/J; is above a critical value [51]. However,
for the present compound CaNi3P4O4 both the intratrimer
interaction J; and intertrimer interaction J, are FM; hence, no
magnetization plateau is observed.

In addition to the FM intratrimer and intertrimer interac-
tions along the chain axis, the interchain interaction is also
reasonably strong in CaNi3P4O4, as estimated by the first-
principles calculations [26]. The consequence of the strong
interchain interaction in the present CaNi3P4O;4 compound
is revealed by the observed higher 3D long-range magnetic
ordering temperature of 7, = 16 K as compared to the Mn-
based compound (7Tny = 2.2 K) [24]. Another consequence
of the stronger interchain interactions is the value of ordered
moments. For the present Ni-based compound with stronger
interchain interaction J3, J3/[(J1 + J2)/2] ~ 1 [26], the
ordered moment values (1.98 and 1.96 wp) are found to be
quite close to the theoretical value of 2 ug/Ni*t (S = 1).
In spite of the spin-1 chain system, the present Ni-based
compound is found to be a good realization of a 3D magnetic
system below T, = 16 K, with a negligible effect of quantum
fluctuations. On the other hand, the strong effect of quantum
fluctuations is present in the Mn-based (S = 5/2) compound
due to weak interchain interaction (highly one-dimensional
magnetic lattice) [J3/(J; + J2)/2 <K 1] [23,24] and AFM
intratrimer and intertrimer interactions along the chain, which
leads to strongly reduced ordered moments of ~3.5 up
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(for both the sites) as compared to the theoretical value of
5 wp/Mn*t (S =5/2) [24]. For the Co-based compound
(S = 3/2), an intermediate effect is found where the reported
experimental ordered moment values (2.9 and 2.45 j15/Co*"
for two sites, respectively) are slightly reduced from the
theoretical value of 3 pp/Co*" (S = 3/2) [25].

IV. SUMMARY AND CONCLUSIONS

The microscopic spin structure and the origin of net magne-
tization in the trimer chain compound CaNi3;P4O4 have been
investigated by powder neutron diffraction. With lowering of
temperature, short-range spin-spin correlations develop below
~50 K. With further lowering of temperature, a 3D long-range
magnetic ordering sets in below 7, = 16 K. Above T, the
short-range magnetic ordering has 1D magnetic characteristics
with dominating FM spin-spin correlations along the chain
axis (b axis). The nature of the magnetic structure in both
the short-range (above 7;) and long-range (below T,) ordered
states is similar. The magnetic structure is found to be
consisting of FM trimers which are coupled ferromagnetically
along the chain direction (b axis). The moment components
along the a and ¢ axes are arranged antiferromagnetically.
The observed magnetic structure is consistent with the first-
principles calculations which estimate both the intratrimer
and intertrimer interactions, J; and J,, as FM. In the studied
compound, a net magnetization per unit cell arises due to
the uncompensated moment components along the b axis, in
contrast to the ferrimagnetic ordering reported earlier from the
MC analysis of bulk magnetization. The present understanding
of the magnetic ground state also explains the reason behind
the absence of the 1/3 magnetization plateau in CaNi3P4O4,
in contrast to the isostructural Mn compounds. The ordered
moment values for both the magnetic sites [4e Ni(1) and 2a
Ni(2)] are found to be ~2 pup/Ni>t at 1.5 K. The present
system is found to be a good realization of a 3D magnetic
system with § = 1 trimer chains.
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