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The crystal structure of isostructural SrCuV,0; and BaCuV,0; consists of one-dimensional (1D) zigzag chains of
Cu atoms with next-nearest-neighbor interaction. The main intrachain interaction was found to be ferromagnetic
and estimated at 4.6 K (Hamiltonian H ~ —=2J). SrCuV,0; and BaCuV,0; are new examples in the scanty family
of 1D ferromagnets. Isothermal magnetization measurements at 0.08 K and specific heat data showed that MCuV,0;
exhibits antiferromagnetic long-range ordering at Ty = 1.36 K for SrCuV,0; and Ty = 1.47 K for BaCuV-0;.
Spin-flop transitions were observed in the antiferromagnetic state at 0.08 K near 0.5 kOe in SrCuV,0; and 2 kOe
in BaCuV,05. In air, SrCuV,0; and BaCuV,0; melted incongruently above 983 and 1018 K, respectively.

1. Introduction CuCk.”~° The 1DS= 1/2 Ising ferromagnets are presented,
The properties of low-dimensional magnets continue to [OF €xample, by CoGF2H:0, CoBE*2H:0, RbFeC{2H:0,

be of great interest to physicists and chemisBne of the ~ and COCHNCsHs)2.! . _

reasons for such interest is to understand superconducting 1D ferromagnets are particularly of interest because
properties of the two-dimensional copper oxides. Of the many guantum effects are expected to be most pronounced in them.
possible combinations of dimensionality and spin quantum The anisotropies af values (Ising-type contribution), even
number @), one combination which has been conspicuous If they are very small, give rise to a qualitative change in
by the lack of realizations is the one-dimensional (E¥ the thermodynamical quantities, es_peC|aIIy_ inan appllgd field,
1/2 Heisenberg ferromagriet: The numerous studies on 10 for 1D ferromagnets in comparison with 1D antiferro-
magnetic systems have been on antiferromagnets, for ex-Mangets:* Theoretically, the 1DS = 1/2 Heisenberg
ample,S = 5/2 Heisenberg (M), S= 1 (Niz*, Haldane ferroma_gnet has been mvestlggted al‘l’p%? However, the
system)S= 1/2 Ising (C8*), andS= 1/2 Heisenberg (Ct)) comparison of theory and experlmgnts is restricted by a very
systems. However, there are only few examples of th&1D small number of the 105 = 1/2 Heisenberg ferromagnets.
=1/2 Heisenberg ferromagnets, for examp|e, MUC'&},Z Magnetic sublattice in two isostructural Compounds
[(CH3)sNH]:CWCl2 K>CloseZnoaiFs (diluted two-dimen-  SrCuVsO; (space grougPnma a = 14.470 A,b = 5.4704
sional ferromagne),some organic radical compoun#s® A, andc = 7.4201 A} and BaCuVO,,** whose magnetic

and the most studied §8::,NH3)CuBr; and (GH1:NH3)- properties have not been investigated yet, can be presented,
from the structural point of view, by a model of the double
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Figure 1. (a) The double Cu chain in SrCu®@; along theb axis (or
uniform zigzag chain with next-nearest-neighbor interaction). (b) The
arrangement of the double Cu chains in the crystal structure of SXGuV
projection along thd axis.

nearest-neighbor (NNN) interacti®nFigure 1a) along the

Heisenberg ferromagnets. In This Paper, we present the
results of specific heat and dc and ac magnetization measure-
ments in different static magnetic fields. These results
evidence on the 1D ferromagnetic properties of MGDYV

(M = Sr and Ba). SrCudO; and BaCuVO; are new
examples in the scanty family of the 1®= 1/2 ferromag-
nets.

2. Experimental Section

Synthesis.SrCu\,0;, BaCu\LO;, and BaZn\O; were synthe-
sized from stoichiometric mixtures of SrG@39.99%), BaC@
(99.99%), CuO (99.9%), ZnO (99.99%), angl¥ (99.8%) by the
solid-state method. The mixtures were pressed into pellets and
allowed to react at 943 K (SrCy®@; and BaCuVO;) and 873 K
(BazZnV,0)!® for 200 h with four intermediate grindings on Pt
plates. X-ray powder diffraction (XRD) data collected with a
RIGAKU RINT 2500 diffractometer (2 range of 5-60°, a step
width of 0.02, and a counting time of 1 s/step) showed that the
three samples were monophasic. Srgd¥and BaCuVO; were
khaki green and BaZm¥D; was pink. BaZn\jOy, is isotypic® with
BaCu\,0O; and can be used to estimate the lattice contribution in
the specific heat. SrZmD; crystallizes, however, in a different
structure type (space groug2,/n).2°

Magnetic and Specific Heat MeasurementDirect current (dc)
magnetic susceptibilityy(= M/H) was measured on a Quantum
Design SQUID magnetometer (MPMS XL) between 2 and 300 K
in an applied field of 100 Oe under both zero-field-cooled (ZFC)
and field-cooled (FC) conditions. Isothermal magnetization curves
were recorded between50 and+50 kOe at 2, 3, 4, 5, 10, and 15
K. Magnetization data at 0.08 K were taken in a pulsed magnetic
field up to 150 kOe by an induction method using a multilayer

b axis (Figure 1b). These models are described by two pulse magnet at KYOKUGEN, Osaka University. Alternating

exchange constantg; and J,. There is one Cu site in

current (ac) susceptibility measurements were performed with a

MCuV,0; (M = Sr and Ba), and the Cu atom has a square Quantum Design PPMS instrument in the temperature range of 1.8
pyramidal coordination. The Cu atoms are connected with 30 K (on cooling) at frequencied) (of 10, 1¢, 5 x 1(?, and 16

each other through super-superexchange interaétiams
cluding two Cu-0O---O—Cu paths, where the B0 is an

edge of VQ groups (Figure 1a). The basal planes of the

CuGs pyramids lie on one plane and the €0---O angles
are 134.3 and 134.8 (for SrCu\,O;). Such a type of

Hz, applied oscillating magnetic fieldH¢y) of 1 Oe, and different
static magnetic fieldsHgc) ranging from 0 to 20 kOe. Specific heat,
C, versusT, of SrCu\,0; and BaCuV\O; was recorded between
0.45 and 300 K (between 1.8 and 170 K for Baz@) on cooling

at zero magnetic field by a pulse relaxation method using a
commercial calorimeter (Quantum Design PPMS). At magnetic

connection between magnetic ions usually gives rather strongsieids of 5, 10, 30, 50, and 90 kOe, ti@, versusT data were

antiferromagnetic interactiord( ~ —50 K, HamiltonianH

= —2J,25S5+1).1” On the other hand, the connection between

Cu atoms responsible fal, includes long apical CdO
bonds (Figure 1a), and one of the-©0-:-O angles (149.3
and 98.0 for SrCu\,0y) is close to 90. J, was therefore

taken between 2 and 21 K for SrCp®,; and BaCu\O,.

Thermal Analysis. Thermal stability of SrCu¥0;, BaCu\,0Oy,
and BaZn\(O; was examined under air with a MacScience TG-
DTA 2000 instrument. The samples were placed in Pt crucibles,
heated, and then cooled with a rate of 10 K/min. Srgdivwvas

expected to be very small. As a result, we expected vanadategeated to 1013 K, BaCu®; up to 1058 K, and BaZmO; up to

MCuV,0; (M = Sr and Ba) to be simple uniform 15=

1073 K. Differential thermal analysis (DTA) showed peaks at 993

1/2 linear chain Heisenberg antiferromagnets such as phos@nd 998 K on heating and at 976 and 917 K on cooling for

phates SrCuf®;'” and BaCuBO;.*® However, phosphates
SrCuRO; and BaCuRO; have different crystal structures
in comparison with vanadates MCy®; (M = Sr and Ba).
Surprisingly, magnetic properties of MCu®7 (M = Sr
and Ba) resembled those observed for the 3B= 1/2
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SrCu\x0O7; at 1029, 1033, and 1047 K on heating and a very broad
peak at 887 K on cooling for BaCuy®;; and at 1047 K on heating
and broad peaks at 978 and 905 K on cooling for BaZmw Such
inconsistency of heating and cooling behavior suggests that
SrCu\,0;, BaCu\,0O5, and BaZn\O; melt incongruently above
983, 1018, and 1033 K, respectively. No structural phase transition
was detected by DTA in BaZn®; at 943 K1°

(19) International Centre for Diffraction Data. Powder Diffraction File No.
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Figure 2. (a) They vs T (symbols with line) and,~! vs T (symbols)
curves measured at 100 Oe for SrG@QY and BaCu\O;. The solid line

for they =1 vs T curve shows the fit to eq 2 and the dashed line presents the
fit to eq 1 for BaCu\(O; as an example. (b) TheT vs T curves between

2 and 50 K for SrCuyO; and BaCu\Oy. Inset gives the~* vs T curves

for SrCuV,0O7 and BaCuMO; between 2 and 300 K with the Curi&Veiss

fit for BaCuV,0;.

40 50

3. Results and Discussion

Figure 2a depicts thg versusT andy~* versusT curves
for SrCuV,0O; and BaCu\O;. No noticeable difference was
found between the ZFC and FC curves. JhesrsusT curves
showed no broad maxima characteristic of low-dimensional
antiferromagnets. Thg values increased with decreasing
temperature in the whole temperature range 6820 K.
Thus, SrCuV{O; and BaCu\O; are not low-dimensional
antiferromagnets. Thg ! versusT data at 15300 K were
fitted by a modified Curie Weiss expression

x (1) =0+ CI(T - 6) (1)

with temperature independent tegn= —6(7) x 10°¢ cm?®/
mol, Curie constanC = 0.440(2) cmK/mol, and Weiss
constantd = 3.4(2) K for SrCuMO; andy, = —3.17(2) x
10~* cm¥/mol, C = 0.4219(5) créK/mol, andd = 3.75(7)
K for BaCuV>O;. The positive Weiss constant indicates that
the main interaction between Cu atoms is ferromagnetic.
Below about 15 K, the,~* versusT curves deviated from
the Curie-Weiss law. The similar behavior of the* versus
T curves was observed in other 1D ferromagiét€.The y
T versusT curve for SrCu¥O; demonstrated the sharp
increase at low-temperature region while th@ versusT
curve for BaCu\O; exhibited a broad maximum at 3 K
(Figure 2b). Taking into account the structural features of
SrCu\,0; and BaCuV0O;, the positive Weiss constants are
the first indication that SrCu)D; and BaCuV\0O; are a 1D
S = 1/2 ferromagnetic system.

To roughly estimate the main intrachain interaction, we
used the model of the uniform 18 = 1/2 Heisenberg
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Figure 3. Isothermal magnetization curved,vsH, at 2, 3, 4, 5, 10, and

15 K for (a) SrCuMO; and (b) BaCuyOy. The dotted lines are th® =
1/2 Brillouin function withg = 2.1 at 2 K.

ferromagne#®* that is, assuming thal; is dominant {; >
Jo) or J; is dominant {, > J;)

et ]

where N is Avogadro’s numberg is the spectroscopic
splitting factor g-factor), ug is the Bohr magneton, arig
is Boltzmann'’s constant. Equation 2 is valid tT/J; > 1.
The fitting of they ! versusT curves to eq 2 between 5 and
300 K vyieldsyo = 1.0(7) x 1075 cm®¥mol, g = 2.151(5),
and Ji/ks = 4.6(2) K for SrCuMO; andy, = —3.10(1) x
10* cm®¥mol, g = 2.1131(9), andly/kg = 4.58(6) K for
BaCu\,0;.

The real part of the ac susceptibility curvgsyversusT,
at zero static magnetic field almost coincided with theydc
versusT curves measured at 100 Oe. Strong dependence of
they' versusT curves on static magnetic fielHy., was found
and a broad maximum appeared on fheversusT curves
from Hge = 2 kOe for SrCuMO; and Hygc = 10 kOe for
BaCu\,0;.” No noticeable difference was found for tie
versusT curves measured at different frequencies.

Isothermal magnetization curves are given in Figure 3. No
hysteresis was observed on the versusH curves. The
saturation of magnetization occurred at about 40 kOe for
SrCuV,0; and 50 kOe for BaCu)Oy at 2 K. The saturation
value of about 1.0&g/mol was expected fob = 1/2 andg
~ 2.1. Such magnetization curves were observed in other
1D S= 1/2 ferromagnet38'2The experimental magnetiza-
tion data for SrCu¥O; and BaCu¥O; saturated much faster
than expected for th& = 1/2 Brillouin function withg =
2.1 (Figure 3). This fact shows the dominating ferromagnetic
interaction between Cuti ions.

Figure 4 depicts thevl versusH and dM/dH versusH
curves for SrCu¥O; and BaCuVO; at 0.08 K, that is, below
the temperatures of long-range magnetic ordering (see the

x (M) =0+ )
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specific heat data). The saturation magnetization was the < F
same, 1.0g/mol. At low magnetic fields, the magnetization ] JUUOSS e
increased linearly with the field and slower than expected  o.0+- T o o 1 0
for the S= 1/2 Brillouin function withg = 2.1. No hysteresis 0 5 10 15 20
was found and thé/ versusH curves passed through the Temperature (K)

origin. These facts indicate that the 1D ferromagnetic chains Figure 6.  TheCy/Tvs T andSy vsT curves for SrCuyO; and BaCuVOy.

. . . The solid lines show the lattice contributioB(T vs T curves).
are ordered antiferromagnetically in both SrGa¥ and
BaCu\LO;. At about 0.5 kOe for SrCu)D; and 2 kOe for tion, C, in MCuV20; (M = Sr and Ba) was therefore not
BaCuV;O;, the slope change of th#l versusH curve straightforward. The lattice contribution was estimated
because of a spin flop transition was detected in the yatween 16 and 21 K using the equation
antiferromagnetic state. The small value of the magnetic field
for the spin flop transition reflects the very small value of ) — 3 5
the interchain interaction. TheMidH versusH curve for G EC)=AT AT ®)
SrCu\,0y clearly exhibited two peaks near 0.5 kOe. Thus,
two-step spin flop transition is possible.

The Cy/T versusT curves for SrCuyO,, BaCu\,0,, and
BazZn\,0; are given in Figure 5a. Th€, was almost the
same in the temperature range of-48D0 K for MCuV,0y
(M = Sr and Ba). The M sublattice seems to give the same
constant contribution to the specific heat. This behavior is
quite unusual because in the series of isostructural com-
pounds, the heavier atoms give the larger contribution to
C,.1721 On the other hand, the specific heat of Bazay
was larger than that of BaCuy®; in the temperature range
of about 13-150 K (Figure 5). This fact shows that the
sublattice of the transition-metal ion has a very strong effect
on C,, that is, even a small change in the mass results in the
strong change iI€,. The estimation of the lattice contribu-

with 1 = 9.38x 104J K“*mol*andf, = —3.56x 107

J K™% mol™* for SrCuV,0O; andf; = 7.21 x 104 J K™*
mol~t andf; = —3.86 x 107° J K=¢ mol~* for BaCu\V»0-.
Then, this equation was extended to the lower temperature
region.

The magnetic entropygn(T) = f(C/T)dT, whereC,, =
C, — C;, was close tdRIn 2 ~ 5.76 J K'* mol~! expected
for the S= 1/2 systems (5.17 J ® mol~?* for SrCu\:0;,
and 5.42 J K! mol™! for BaCu\,Oy; Figure 6). This fact
gives the support that the estimation ©f is reasonable.
However, the reduced values &f, show that theC, was
overestimated.

The very large difference in the values of broad maximum,
Cmax Of the zero-field specific heat curves (Figure 5) for
SrCuV,07 (Crnax = 2.30 J Kt mol™1) and BaCuVO; (Crax
(21) Belik, A. A; Azuma, M.; Takano, MJ. Solid State Cheraoo4 177, — 3-16 J K™ mol™) was quite noticeable. This fact shows

883. that the ferromagnetic intrachain interaction is affected by
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different J, (if J; is dominant) orJ; (if J; is domimant),
interchain interactions, or anisotropi¥s? In the series of
isostructural 1DS =1/2 antiferromagnets, for example,
MCuP,O; (M = Ca, Sr, and PbY,8the values ofC . are
almost the sameQnax~ 3.0 J K1 mol™) and are consistent
with the theoretical value. In addition to the broad maxima,

Belik et al.

p orbitals’® For phosphate groups, O or PO/, the O

--O distance is usually 2-52.55 A. On the other hand, for
vanadate groups, V& or V.04, the O--O distance is
about 2.72.8 A. This fact can qualitatively explain why

is antiferromagnetic in such one-dimensional compounds as
SrCuRO7,Y” BaCuRO;,*® and (VOY}P,0;2° while J is

the specific heat data also exhibited the sharp peaks at 1.3Gerromagnetic in SrCud0; and BaCu\O; despite the fact

K for SrCuV>O; and 1.47 K for BaCu¥YO; because of long-
range antiferromagnetic ordering (Figures 5). Theversus
T curves for SrCuyO; and BaCu¥O; were strongly affected
by static magnetic field as for other 1D ferromagrit§.1°

A spin exchange constant, is expressed a3 = Jar +
Jr, whereJar and Jr are the antiferromagnetic and ferro-
magnetic contributions, respective/Jar is proportional
to OI2, whereOl is the overlap integral between magnetic
X2 — y? orbitals of Cd* ions. Therefore, whe®l is almost
zero, theJs will dominate and the spin exchange becomes
ferromagnetic.

Strong dependence of the sign and strengtld vélues
on the Cu-O—Cu bridge angle is well-known in copper
dimers bridged by two CHO—Cu path£*2>The exchange
interaction is usually ferromagnetic for the €0—Cu angle
less than 97 and antiferromagnetic for the larger angles.

However, this simple rule does not work in some compounds,

that they have similar connections between magnetic ions,
that is, including Cu-O---O—Cu or V—0---O—V paths.

We hope that this work will encourage theoreticians to
investigate the model shown in Figure 1la for (anti)-
ferromagneticl; and (anti)ferromagnetid, in more details.
The exact quantitative description of SrGDf and BaCu\O;
and determination af values requires numerical calculations
and experiments using single crystals. In particular, the first
principle calculations may help to distinguish between two
possibilities: (1) coupled ferromagnetic chaids ¥ J,) and
(2) zigzag chains with NNN interactiodA > J).

In conclusion, all the results obtained and the structural
features of SrCu¥0; and BaCuVO; confirm that these two
compounds behave as the = 1/2 ferromagnets. The
typical features of 1D ferromagnets observed in Srgw
and BaCu\Oy include (1) positive Weiss constant in the
Curie—Weiss fitting, (2) strong field dependence of the

for example, organic complexes containing tetranuclear or specific heat and the real part of the ac susceptibility, (3)

trinuclear clusters of CU ions2528 In ref 28, the ferro-
magnetic interaction was found between?Cions having
the Cu-O—Cu angles of 139:2140.5.

In SrCu\,O; and BaCu¥O;, the situation is more
complicated because €lions are connected through super-
superexchange interactions, ©€0---O—Cu. The strength

strong composition dependence of the value of broad
maximum of the specific heat, and (4) fast saturation of the
isothermal magnetization curves. SrGOf and BaCu\O;

are therefore new examples in the scanty family of the 1D
S = 1/2 ferromagnets.
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