PHYSICAL REVIEW B 98, 134435 (2018)

Pressure-induced modifications of the magnetic order in the spin-chain compound Ca;Co,0¢
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The structural and magnetic properties of the Ca;Co,O¢ spin-chain compound have been studied by means of
neutron and x-ray powder diffraction at pressures up to 6.8 and 32 GPa, respectively. A suppression of the initial
spin-density wave state (7y = 25 K) and stabilization of the collinear commensurate antiferromagnetic (AFM)
state at high pressures (Tnc = 26 K at P = 2.1 GPa) were observed. The pressure behavior of the competing
intra- and interchain magnetic interactions was analyzed on the basis of obtained structural data and their role in
the formation of the magnetic phase diagram is discussed. The pressure behavior of the Néel temperature of the
commensurate AFM phase was evaluated within the mean field theory approach and a good agreement with the
experimental value d7nc/d P = 0.65 K/GPa was obtained.
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I. INTRODUCTION

The low-dimensional spin-chain magnetic systems exhibit
a rich variety of challenging physical phenomena like quan-
tum critical point, Bose-Einstein condensation, Haldane gap
excitations, exotic magnetic ground states, formation of mag-
netization plateaus in external magnetic fields, and multifer-
roicity, which are at the current focus of extensive research
[1-8].

Among the spin-chain systems an interesting model com-
pound, demonstrating a number of the above-mentioned phe-
nomena, is CazCo,0Og. In its rhombohedral crystal structure
with R3¢ symmetry (Fig. 1), quasi-one-dimensional Ising
chains are formed due to alternating arrangement of face-
sharing Co(1)O¢ octahedra and Co(2)O¢ trigonal prisms
along the ¢ axis, which are arranged in a triangular lattice
in the ab plane [9]. Due to the different crystalline electric-
field splittings, the Co®*(1) and Co**(2) ions with the oc-
tahedral and the triangular base prism oxygen coordination
have low-spin (LS, S = 0) and high-spin (HS, S = 2) states,
respectively.

The ferromagnetic (FM) intrachain interactions are rather
strong, J; ~ 25 K, while antiferromagnetic (AFM) interchain
ones J, ~ J3; &~ 1 K (Fig. 1) are more than an order of mag-
nitude weaker [10-12]. A combination of low dimensionality
and geometric frustration on the triangular lattice leads to un-
expectedly complex magnetic behavior of Ca3;Co,0Og, debated
for a long time [13—19]. According to the latest results, below
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the Néel temperature Ty = 25 K the incommensurate ampli-
tude modulated spin-density wave (SDW) magnetic state with
a propagation vector gsgw = (0, 0, 1.01) is formed. At lower
temperature Ty; ~ 10 K, the incommensurate magnetic order
transforms partially to the commensurate AFM state with a
propagation vector ge,r = (0.5, —0.5, 1) [15,16]. This trans-
formation evolves slowly in time and its realization depends
strongly on the temperature variation rate. The presence of
short-range magnetic correlations at low temperatures was
also observed [15]. In the external fields several magnetization
plateaus were detected in CazCo,Qg, associated with the
formation of ferri- and ferromagnetic states [12,14,20]. While
novel magnetoelectric phenomena were observed in parent
Ca3Co0,0¢ [21], its substituted compounds Caz;Co;,_,Mn,Og
(x ~ 1) are improper multiferroics with a notable ferroelectric
polarization [22].

An appearance of competing magnetic states in CazCo,Og
results from a delicate balance of intra- and interchain mag-
netic interactions realized on the geometrically frustrated
triangular lattice, which can be tuned by variation of external
parameters like temperature and magnetic field. Further im-
portant insight in exploration of particular factors responsible
for complex physical phenomena observed in Ca3Co,0¢ and
underlying structure-properties relationships can be achieved
by high-pressure studies, mediating competing interactions
by modifications of interatomic distances and angles. In this
paper, the crystal and magnetic structures of Ca;Co,0Og have
been studied by means of x-ray and neutron powder diffrac-
tion at high pressures up to 32 and 6.8 GPa, respectively.

II. EXPERIMENTAL DETAILS

The polycrystalline Ca3Co,0¢ samples were synthesized
by a conventional sol-gel method. Stoichiometric amounts of

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.98.134435&domain=pdf&date_stamp=2018-10-19
https://doi.org/10.1103/PhysRevB.98.134435

D. P. KOZLENKO et al.

PHYSICAL REVIEW B 98, 134435 (2018)

—_J2
—_—J3

FIG. 1. The rhombohedral crystal structure of Ca;Co,0¢. The paths of the intra- (J/;) and interchain (J,, J3) interactions are shown.

Co(NO3), - 6H,O and Ca(NO3), - 4H,O were dissolved in
deionized water in appropriate molar ratios under stirring,
and citric acid was added until a metal nitrate—citric acid
ratio of 1:4 was achieved. The solution was stirred at 80 °C
for 9 h while the solvent slowly evaporated to form gel.
The gel was transferred to a hot plate and the temperature
was increased until a porous black powder formed at 250 °C
and the resulting powder was ground and calcined at 400 °C
overnight to remove organic materials after which high-
temperature treatments were performed in a tube furnace un-
der an oxygen atmosphere to form the single Ca;Co,Og phase
[23].

The angle-dispersive x-ray powder-diffraction patterns at
pressures up to 32 GPa and ambient temperature were mea-
sured at the Extreme Conditions Beamline [24]. (P02.2,
PETRA III, DESY, Germany) using the wavelength A =
0.29118 A. The BX90-type diamond anvil cell [25] was used
in the experiments. The diamonds with culets of 300 um were
used. The sample was loaded into the hole of the 150-um
diameter made in the Re gasket indented to about 25-um
thickness. Neon gas loaded under pressure of P ~ 0.15 GPa
was used as a pressure transmitting medium. The two-
dimensional x-ray-diffraction (XRD) images were converted
to the one-dimensional diffraction patterns using the FIT2D
program [26].

The neutron powder-diffraction measurements at pressures
up to 6.8 GPa were performed at selected temperatures in
the range 4-290 K with the DN-12 and DN-6 diffractome-
ters (IBR-2 pulsed reactor, JINR, Russia) [27]. The sample
with a volume of about 2mm? was loaded into the sapphire
anvil high pressure cells [28] with culets of 4 mm. The
spherical holes with a diameter of 2 mm were drilled at the
culet centers for the quasihydrostatic pressure distribution at
the sample surface. The diffraction patterns were collected
at the scattering angles of 90 and 45° with the resolution
Ad/d = 0.015 and 0.022, respectively. The pressure inside
the sapphire and diamond anvil cells was measured us-
ing the ruby fluorescence technique. The pressure gradients
were less than 10% with respect to average pressure value.
The x-ray and neutron powder-diffraction patterns were an-
alyzed by the Rietveld method using the FULLPROF program
[29].

III. RESULTS AND DISCUSSION
A. X-ray diffraction

The XRD patterns of CazCo,Og obtained at selected pres-
sures and ambient temperature are shown in Fig. 2. In the
whole studied pressure range they correspond to the ini-
tial rhombohedral structure of R3¢ symmetry. The lattice-
parameter values determined at ambient conditions, a =
9.0663(3)A and ¢ = 10.372(4)A (in hexagonal setting), are
consistent with earlier studies [9,12].

The lattice compression of Caz;Co,0¢ (Fig. 3) demon-
strates substantial anisotropy with an average compressibility
[k; = —(1/a;p)(da;/dP)r] of the a lattice parameter, k, =
0.0072 GPa~!, about 40% larger in comparison with the ¢
one, k. = 0.0052 GPa~!. This is a consequence of the chain-
like character of the crystal structure, resulting in the reduced
atomic density within the ab planes. The volume compress-
ibility data were fitted by the third-order Birch-Murnaghan
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FIG. 2. X-ray-diffraction patterns of Ca;Co,0¢ measured at se-
lected pressures and ambient temperature, and refined by the Rietveld
method. Experimental points and calculated profiles are shown. Tick-
marks at the bottom represent the calculated positions of diffraction
peaks at P = 0.41 GPa. The weak peaks at 260 =~ 9.15 and 9.50° are
the background lines.
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FIG. 3. The pressure dependences of lattice parameters and unit-
cell volume of Ca3;Co0,0¢ and their interpolations using the Birch-
Murnaghan equation of state.

equation of state [30]:
3 -7/3 ..—5/3 3 -2/3
P= EBO(X X7+ Z(B —Hx =1, D)

where x = V/Vj is the relative volume change, Vj is the unit-
cell volume at ambient pressure, and By and B’ are the bulk
modulus [By = —V(dP/dV)r] and its pressure derivative
[B' = (dBy/d P)r].

The obtained values of By = 154(5) GPa and B’ = 4.0(5)
are comparable with those of the perovskitelike LaCoOs
compound (By = 165 GPa) [31], having Co** ions in the
octahedral oxygen coordination only.

B. Neutron diffraction

The neutron-diffraction patterns of Ca3Co,0¢, measured
at selected pressures up to 6.8 GPa and low temperatures,
are shown in Fig. 4. At ambient pressure below Ty =25 K
an appearance of magnetic peaks located at dpy positions
of 3.90, 3.41, 3.10, and 2.98 A was observed. The data
analysis has shown that these peaks correspond to forma-
tion of the incommensurate SDW long-range AFM order of
the Co2 spins oriented along the ¢ axis with a propagation
vector g = (0,0, g, & 1.01), in accordance with Ref. [16].
The value of the ordered magnetic moment obtained at T =
20 K, mco, = 4.1(1)up, is consistent with those obtained in
previous neutron-diffraction studies for powdered (3.04p) and
single-crystal (5.0up) samples [13,32] as well as the expected
spin-only value for the HS state of Co>* ions, § = 2 (4.89ug).

The intensity of magnetic peaks associated with the SDW
phase first increased on cooling down to 15 K and reduced
sharply at lower temperatures (Fig. 5). A more detailed in-
spection of the most intense magnetic peak (2, —2,1 —gq;)

located at 3.90 A (g =1.61 Afl) revealed an additional broad
component, slightly shifted to lower d spacing (higher ¢
values), the intensity of which, in contrast, demonstrated a
growing on cooling below 7' = 15 K. Such a behavior may
be related to a presence of the short-range ordered magnetic
phase, the volume fraction of which increases at the expense
of the gradually suppressed SDW phase at low temperature,
as observed previously [32].
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FIG. 4. Neutron-diffraction patterns of Ca3;Co,0¢, measured at
selected pressures up to 6.8 GPa and low temperatures, and processed
by the Rietveld method. The neighboring patterns are shifted along
the vertical axis by 250 units. The experimental points and calculated
profiles are shown. The ticks below represent the calculated positions
of the structural peaks for P =0 GPa, T = 30 K. The positions
of the characteristic magnetic peaks of the SDW phase at ambient
pressure and commensurate AFM phase at high pressure are marked
as “M” and relevant peak indices are given.

The magnetic correlation length in the SRO phase,
evaluated by the Selyakov-Scherrer formula (§ ~ 27/ Agq,)
using the full width at half maximum (Agg,) of the relevant
magnetic peak in the reciprocal ¢ space, is £ = 128(7)A and
weakly temperature dependent. In this approach, the expo-
nentially decaying character of the spin correlation function
is assumed. This value is comparable with one of 180 A
in the ab plane obtained in Ref. [32]. No time-dependent
transformation into the commensurate AFM phase was ob-
served at temperatures below 10 K, although characteristic
measurement times of about 4 h at each temperature were
comparable with those in Ref. [16].

At high pressure P = 2.1 GPa and temperatures below
30 K an appearance of new magnetic peak at dyq = 5.21A,
as well as splitting and redistribution of the intensity of
the magnetic peaks located at dyg ~ 3.41 and 2.98 A, were
observed, evidencing the magnetic phase transformation. The
model of the collinear antiferromagnetic order with gc,s =
(0.5, —0.5, 1) provides a good description of the experimental
data. The intensities of all the observed diffraction peaks can
be fitted well with a single commensurate AFM magnetic
phase, implying a suppression of the initial SDW phase.
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FIG. 5. The sections of the neutron-diffraction patterns in the g
space, demonstrating evolution of the peaks associated with the long-
range SDW and short-range magnetic order (left) and temperature
dependences of their intensities (right). The neighboring patterns are
shifted along the vertical axis by 60 units.

One should note that the positions of the peaks characteristic
for the suppressed SDW phase are close to several ones of
the commensurate AFM phase. Therefore, a presence of the
minority regions of the SDW phase at high pressure could not
be excluded unambiguously. Further experiments with single-
crystal samples would be helpful to clarify this point. No
features characteristic for the presence of the short-range mag-
netically ordered phase were observed in the high-pressure
neutron-diffraction data. Disappearance of the anomalous
temperature behavior of the ordered magnetic moments at
high pressure also points to a suppression of the short-range
magnetically ordered phase.

The collinear AFM phase remains stable in the whole
studied pressure range up to 6.8 GPa. Its Néel temperature,
Tne = 26(2) K at P = 2.1 GPa, evaluated from the temper-
ature dependence of the ordered magnetic moment (Fig. 6),
is comparable with that for the SDW phase (Ty = 25 K). It
increases slowly upon compression up to 29 K at 6.8 GPa with
a pressure coefficient dTn/d P ~ 0.65 K/GPa (Fig. 6). The
ordered magnetic moment values at 7 = 4 K and pressures
2.1-4.1 GPa, mcop = 3.8(1) — 4.1(1)up remain close to the
spin-only value. At higher pressure P = 6.8 GPa a reduc-
tion of mcey to 3.0(1)up occurs. Similar behavior was also
observed in the low-dimensional antiferromagnets YMnOj3
and RbFe(MoQ,), and it may be attributed to the enhanced
magnetic disorder on the geometrically frustrated triangular
lattice [33,34].

The complex magnetic order in Ca3;Co,0g is formed due
to competing character of the major intrachain ferromagnetic
interactions (J;) between Co2 ions in the HS state by means
of direct exchange with the intermediate Col ion in the LS
state and weak interchain super-superexchange interactions
C02-0-0-Co2 between the next-nearest-neighbor Co ions
located at the distances about 5.50 (J,) and 6.25 A (J3),
respectively (Fig. 1). A role of the configurational magnetic
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FIG. 6. Temperature dependencies of the ordered Co2 magnetic
moment at selected pressures. For P = 0 GPa, the line is a guide to
the eye only. At high pressures, the solid lines represent interpola-
tions by functions m = mg[1 — (T/Tx)*]?. The obtained coefficient
values o ~ 3.5 —3.0 and B ~ 0.43 —0.56 in the pressure range
2.1-6.8 GPa, respectively. Inset: Pressure dependence of the Néel
temperature and its linear interpolation.

entropy is also considered to be important for a stabilization
of the SDW phase [18].

According to the theoretical analysis [10,35], the strength
of the intrachain FM interactions is determined by the transfer
integral between the Co2(HS) and Col(LS) ions, J; ~ té‘d.
From the experimentally determined pressure behavior of the
Col-Co2 distances (Fig. 7) and the distance relationship [36]
taa ~ (dcor-con) >, one can evaluate that the J, value increases
by 25% upon compression up to 6.8 GPa (Fig. 7). The average
strength of the interchain interactions Jy3 = (J, 4+ J3)/2 is
related to the transfer integrals between the Co2(HS)-O ions
and O-O ions as Jy3 ~ tgdtgp [37]. Taking into account the
experimental pressure dependencies of the Co2-O and O-O
distances (Fig. 7) and relationships [34] fya ~ (dcoa—0)~ "/
and 1, ~ (do—o)~2, one can find the increase of the Ji;
value by 23% in the pressure range 0-6.8 GPa. One should
also note that the values of the interatomic Co02-O-O an-
gles, corresponding to the J, and J3 interactions [¢co2.0.0 &
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FIG. 7. The pressure dependences of Col-Co2, Co2-O, and O-O

distances.
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FIG. 8. The pressure evolution of the absolute values of the J;
and J,3 magnetic interaction parameters normalized by the ambient
pressure values. The error bars do not exceed the symbol sizes (as
evaluated from a combination of XRD and neutron-diffraction data).

101.2(5) and 134.9(5)°, respectively], remain about the same
in the considered pressure range and their contribution to the
modification of magnetic interactions can be neglected. The
estimated raising of the J3 parameter is also in good agree-
ment with the pressure-induced modification of the spin-flip
magnetic field (dInHsg/d P ~ 0.04 GPa™!), directly related
to the change of the interchain magnetic interactions strength
in Ca3Co0,0¢, which was determined in more restricted range
up to 1.2 GPa from magnetic properties measurements [38].

Our estimations show that the J,3/J; ratio exhibits a ten-
dency towards decrease in the studied pressure range (Fig. 8),
leading to suppression of the SDW phase and stabilization of
the commensurate AFM phase in CazCo,O¢ under pressure.
According to the theoretical considerations [18,39,40], the
stability of the incommensurate and commensurate magnetic
phases in the magnetic phase diagram of the system of
one-dimensional magnetic chains on the triangular lattice is
controlled by the ratio of the inter- and intrachain interaction
strengths Jp3/J; and its decrease makes the commensurate
antiferromagnetic order more favorable.

The pressure evolution of the Néel temperature of the
pressure-induced collinear AFM phase can be evaluated using
the analytical solutions for the static susceptibility of the
one-dimensional Ising model within the mean field approach
[12]:

1
2J 2J ’
sh(kB—lT) 1— tanh(kB—‘T)
x ' (Tne) = —2(Ja + J3) = —4ns. 3)

x(T)=(1/kpT) )
co

Taking the ambient pressure values J; = 23.9 K and J5;3 =
—1.15K from Ref. [12] and using the pressure depen-
dences of these parameters evaluated from the experimen-
tal data (Fig. 8), one may calculate the pressure coefficient
dTne/dP =~ 0.85 K/GPa, well comparable with the experi-
mental value of 0.65 K/GPa.

One should also note that high-pressure effects on the
magnetic order of Caz;Co,0¢ are drastically different from
those of chemical substitution. In the CazCo,_,Fe,Og com-
pounds (x = 0.2 —0.4), a coexistence of the SDW long-
range ordered and the short-range ordered magnetic states was
revealed, with a weak temperature and time-dependent vol-
ume fractions [41]. The Néel temperature was reduced upon
Fe doping to Ty = 17 K(x = 0.4). In the Ca;75R(25C0,04
compounds (R = Dy, Lu), the rare-earth substitution leads to
a stabilization of the SDW phase with Ty = 17 K [42]. The
observed effects were related to a reduction of the intrachain
magnetic interactions, caused by either Fe substitution or
enlargement of Co-Co distances in the spin chains due to R
element substitution.

IV. CONCLUSIONS

The present results demonstrate that the symmetry of the
long-range magnetic order in the quasi-one-dimensional spin-
chain compound Caz;Co,Og is highly sensitive to application
of high pressure. The lattice compression leads to a suppres-
sion of the spin-density wave magnetic phase and stabiliza-
tion of the collinear commensurate antiferromagnetic phase.
The role of the competing intra- and interchain magnetic
interactions mediated by variation of interatomic distances
has been analyzed, pointing to more significant increase of
intrachain ones upon compression. The subsequent reduction
of the J,3/J; magnetic interaction parameters ratio is a possi-
ble reason for the observed pressure-induced magnetic phase
transformation. The evolution of the Néel temperature of the
pressure-induced AFM phase was analyzed in the framework
of the mean field theory approach for the one-dimensional
Ising model and a good agreement with the experimental
value was obtained.
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