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Magnetic properties of three isostructural compounds BaMP,0; (M = Co, Ni, and Cu) were investigated by dc and
ac magnetization and specific heat measurements. BaCuP,0; was shown to be an excellent quasi-one-dimensional
linear-chain Heisenberg antiferromagnet with an exchange constant (J/ks) of 103.8 K (Hamiltonian H = J 3 5;Si1)
and a temperature for the long-range magnetic order (Ty) of 0.81 K giving the ratio ks Tn/J = 0.78%. BaCoP,0;
and BaNiP,0; exhibited long-range antiferromagnetic order at Ty = 10.4 and 10.1 K, respectively. BaCoP,0; and
BaNiP,O; showed a large contribution of the short-range correlation above Ty. BaNiP,O; remained in the
antiferromagnetic state up to 90 kOe at 2 K, whereas BaCoP,0; demonstrated two metamagnetic phase transitions
at about 52 and 71 kOe at 2 K if the magnetic field was parallel to the easy direction. BaMP,O; melted incongruently
at 1323 K (M = Co), 1344 K (M = Ni), and 1338 K (M = Cu).

Introduction BaNiP,O; exhibit an incommensurate modulated structure
at room temperature? M?" ions have square-pyramidal
coordination. There are obvious structural dimer units formed
by two edge-shared M¢polyhedra (Figure 1b). The dimer
units are connected with each other through two super-
superexchange interactions €0---O—Cu, where the ©
-0 is an edge of a PAyroup, creating the double-spin chain
interactions in such a system, shown in Figure 1a, are system. The M-M distance in the dimer unit is 3.32 A (for

' ' BaCuROy). The M—M distances for the interactions trans-

described by three exchange constanls {., and Js).
Depending on the ratio betweeh, &, and Js, this spin IE:(\erred through two Ct#O---O—Cu paths are 4.48 and 5.23
th

Low-dimensional quantum magnets have attracted con-
siderable attention because of their interesting physical
properties. Quantum phenomena in a one-dimensional (1D)
zigzag chain with the next-nearest-neighbor (NNN) interac-
tion (double-spin chain system) have recently been studied
from both theoretical and experimental viewpoihts Spin

system can have a gapped ground state or can be gapless. (for BaCuR0Oy). The arrangement of the double chains is

A . own in Figure 1c.
the case ofl; = J,, it gives the so-called railroad-trestle S _ .
model!2 For J; = 0 or J, = 0, the ordinary two-leg ladder BaznRO; is also isotypic with BaMED; (M = Co, Ni,

svstem is obtained and Cu)!° this makes the estimation of lattice contribution
y . ) . in the specific heat more correct. The magnetic susceptibility
Three isostructural BaM®; compounds (M= Co, Ni,
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Figure 1. (a) Spin-interaction scheme for the bond-alternating zigzag chain
with the next-nearest-neighbor interaction (double-spin chain model). (b)
Projection of the structure of BaCp®Y along theb direction emphasizing
the Cu-Cu chains in thee direction. Cu-O distances are given in A. (c)
Projection of the structure of BaCp® along thec direction. Arrangement

of the double Cu chains.

of BaCuRO; was measured by Boukhari et'alat 4.2-300
K; however, no maximum characteristic of low-dimensional
magnets was observed, probably because of the large-Curie
Weiss contribution from impurity spins coming from a poor-
quality sample.

We have recently investigated the magnetic properties of
ACuP,O; (A = Ca, Sr, Ba, and PB)*3and ACuM0O; (A =
Sr and Bal* whose magnetic sublattice can be described,
from the structural point of view, by the model shown in
Figure 1a. The experimental data for AGaR (A = Ca,
Sr, Ba, and Pb) agreed with the 1®= 1/2 Heisenberg
antiferromagnetic uniform-chain model with almost negli-

(10) Murashova, E. V.; Velikodnyi, Yu. A.; Trunov, V. KRuss. J. Inorg.
Chem.1991, 36, 847—850.

(11) Boukhari, A.; Mogine, A.; Flandrois, S. Solid State Chen199Q
87, 251-256.

(12) Belik, A. A.; Azuma, M.; Takano, Minorg. Chem2003 42, 8572
8578.

(13) Belik, A. A.; Azuma, M.; Takano, MJ. Magn. Magn. Mater2004
272—276, 937-938.

(14) Belik, A. A.; Azuma, M.; Matsuo, A.; Kindo, K.; Takano, Mnorg.
Chem.2005 44, 3762-3766.
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gible NNN interactions. In the case of ACy®; (A = Sr
and Ba), the main intrachain interaction was found to be
ferromagnetic?

In this work, we have studied properties of BaMP (M
= Co, Ni, and Cu) by dc and ac magnetization and specific
heat measurements. The experimental data agreed well with
the assumption of the presence of the 1D uniform linear
chains in BaCuf®; (J; = 103.8 K) with almost negligible
J; and J,. BaCoROy; and BaNiBO; exhibited a long-range
antiferromagnetic order aty = 10.4 and 10.1 K, respec-
tively, whereasTy is 0.81 K in BaCuRO;. BaCoRO; and
BaNiP,O; showed a large contribution from short-range
correlations abové@y. BaNiP,O; remained in the antiferro-
magnetic state up to 90 kOe at 2 K, whereas BaOoP
demonstrated two metamagnetic phase transitions at about
52 and 71 kOe at 2 K. We have also investigated the thermal
stability of BaMRO; (M = Co, Ni, and Cu) in air.

Experimental Section

Preparation. The BaMRBO; compounds (M= Co, Ni, Cu, and
Zn) were prepared from stoichiometric mixtures of BaG@®.99%),
C30;4 (99.9%), NiO (99.9%), CuO (99.99%), ZnO (99.9%), and
NHzH,PO, (99.8%) by the solid-state method. The mixtures were
heated very slowly from room temperature to 770 K in alumina
crucibles. Then they were reground, pressed into pellets at 200 kgf/
cn?, and allowed to react at 1173 K for BaGaP and BaCuBO,
at 1283 K for BaNiRO;, and at 1243 K for BaZnf®; on Pt plates
for 100 h with four intermediate grindings. X-ray powder diffraction
(XRD) data collected with a RIGAKU RINT 2500 diffractometer
(26 range of 8-60°, a step width of 0.02 and a counting time of
1 s/step) showed that the BaMP (M = Co, Cu, and Zn)
compounds were monophasic, whereas Ba®Rontained small
amount of an unknown impurity and B¥i(POy)..

The aligned polycrystalline samples for the detailed magnetic
studies were prepared by applying a magnetic field of 90 kOe at
300 K to mixtures of BaMBRO; (M = Co and Cu) and epoxy resin
(Stycast 1266). BaCuyP; was aligned in a manner where the basal
planes of the Cu©pyramids were perpendicular to the applied
magnetic field (Figure 1c). This kind of alignment resulted in very
strong (200), £310), (—410), and (400) reflections on the XRD
patterns. The alignment direction for BaGaR was more difficult
to determine (see the XRD patterns in the Supporting Information).
From the indices of the peaks with increased intensity, we could
conclude that the applied magnetic field was approximately
perpendicular to the CeCo bond in the dimer unit.

Magnetic and Specific Heat MeasurementsMagnetic suscep-
tibilities, ¥ = M/H, of BaMP,O; (M = Co, Ni, and Cu) were
measured on a SQUID magnetometer (Quantum Design, MPMS
XL) between 2 and 300 (or 400) K in applied fields of 0.1 and 10
kOe under both zero-field-cooled (ZFC) and field-cooled (FC)
conditions. Note that magnitudes pffor the aligned samples are
not exact because we cannot exactly estimate the quantity of the
powder contained in the resin. Magnetization measurements were
performed between 0 and 90 kOe at 2dnK using a Quantum
Design PPMS instrument. Magnetic susceptibilities for BaQpP
were also measured at 90 kOe under FC conditions from 110 to 2
K using the PPMS. The temperature and field dependence of the
ac magnetic susceptibility (in-phase componghts M'/H,., and
out-of-phase componeng, = M"/H,) were measured at frequen-
cies ) of 10, 1@, 1%, 5 x 1%, and 10 Hz and at applied oscillating
magnetic fields a9 of 1 and 10 Oe using the PPMS. Specific
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) o 120 Table 1. Fitted Parameters foy(T), Cy(T), andy Y(T) of BaCuROy,
S k/zuu&oa L BaCoROy7, and BaNiRO;
=31 i b\\% P SR eq quantity BaCuf>;  BaCoRO; BaNiR.O;
£ R e e R R land2 temprange (K) -2400
= PN _ 4
g 1 S L N Uy L %o (cm¥mol) 4.17(4)x 10~
< g Cimp (cm®K/mol)  5.43(2)x 1073
x =) Bimp (K) —0.352(12)
> g g 2.105(8)
Z» Jiks (K)2 103.8(2)
Orms (%)P 0.447
Re 1.67x 10°°
3 temprange (K) 210
y (JK2mol™) 5.293(6)x 1072
Temperature (K) f1(AK“#mol™) 3.61(3)x 104
—6 —1 6
Figure 2. Magnetic susceptibilitiesy and 3=t (ZFC curves; symbols), 6 ﬁ;&] KranmeOI(K)) 1.36(3)x 10° 100400 50-300
against temperaturd, for the powder BaCul®; sample measured at 100 C (cﬁ?K rgnoI*) 2.917(3) 1.4636(10)
Oe. Solid line represents the fit by eqs 1 and¢®(T). Solid lines with 0 (K) “i8 5(2) s 06(14)

small dots are contributions gfo + ychaiT) and Cimp/(T — 6imp). Inset
greéent(s) them(T)I and y(T) curves measured at 10 kOe for the aligned aHamiltonian H = JySS1. P oim? = 1N, ziN:pl[(X(Ti) — (T
aCuROy sample. %(T)]2 whereN, is the number of data pointsR= 3, (4(T:) — xs(Ti))?/

heat,C,, for the powder samples was recorded between 0.40 (or 2) G

and 55 K (on cooling) by a pulse-relaxation method using a com- constant,Cimp is an impurity Curie constanty imp is an
mercial calorimeter (PPMS). For BaCal?, the Cy(T) data were impurity Weiss constanty is the temperature independent
also taken at magnetic fields of 50 and 90 kOe from 55 to 2 K. term, andJ is the exchange constant with the Hamiltonian

Thermal Analysis. The thermal stability of BaM§D; (M = Co, formulated asH = JYSS+1: N; = —0.053837836N; =
Ni, and Cu) was examined under air with a MacScience TG-DTA 0.097401365N; = 0.014467437N, = 0.0013925193Ns
2000 instrument. The samples were |_olaced in Pt crucibles, heated,_ 0.00011393434D, = 0.44616216D, = 0.32048245D5
and then cooled at a rate of 10 K/min. The BaldP(M = Co,  _ 4 13304199p, = 0.037184126Ds = 0.0028136088, and
Ni, and Cu) compouqu were shown 0 be St.able up to 1323, 13.44’D = 0.00026467628. The fitted parameters and measure-
and 1338 K, respectively. The large inconsistency in the heating —© ) o P . .
and cooling behavior suggested that they melt incongruently. ments of the qgahty of f'tlsdlf[“_s andR) are g|ver1 in Table

1. The magnetic susceptibilities calculated with eqs 1 and
Results and Discussion 2, xut(T), are plotted in Figure 2.
Note that the classical BonneFisher curvé® (param-
etrized by Estes et al))was not applied because it is known
dhat atkgT/J < 0.25, the BonnerFisher curve deviates from
the recent calculations of spin susceptibility for the uniform
S = 1/2 chain!® In BaCuRO;, the temperature range of
2—400 K corresponds to 0.018 kgT/J < 3.86. Note also
d that theyX(T) curve (Figure 2) deviates from the linear
Curie—Weiss behavior in the whole temperature range
because of the influence of short-range correlations even at
high temperatures.

They(T) data for the aligned BaCu®; are given on the
inset of Figure 2. Thg, values (i.e., with the magnetic field
perpendicular to the basal planes of the @p@ramids) are
%it(M) = %0+ Cin (T = 0'1p) + XenaiT) (1) larger than theyn values. This difference can be attributed
to g anisotropy. Similar behavior was observed in other 1D
systems (e.g., SLuQ;).1819

Figure 2 presents plots gfandy ! (ZFC curves) against
temperatureT, for BaCuRBO;. No noticeable difference was
found between the curves measured under the ZFC and F
conditions. They(T) data exhibited a broad maximum s
= 66.1 K, characteristic of low-dimensional systems. How-
ever, they(T) data did not exhibit the vanishing behavior
below Ty characteristic of spin gap compounds, but tende
to approach toward finite values typical for gapless quasi-
1D systems. The possibility of the dimer modek (s
dominant) and two-leg ladder modek @nd J; are compa-
rable) should therefore be ruled out. TH{@&) data were fitted
very well in the entire temperature range by the equations

5

n
Ngfug” 1+ 4 N/t Specific heat data were taken at zero field to investigate
Kehaid T) = (2) magnetism of BaCu®y in more detail. Figure 3 shows the
4k T Li 6 Do total specific heat divided by temperatur@,/T, plotted

againstT. The sharp peakiftype anomaly on theC,(T)
curve) was observed at 0.81 K indicating the presence of a
whereycnai(T) is the spin susceptibility curve of the uniform  long-range magnetic order at this temperature.

S = 1/2 Heisenberg antiferromagnetic chain parametrized Because the present compounds are insulators, specific
by Johnston et al. (eq 50 in ref 15),= kgT/J, N is heat data consist of the magnetic and lattice components.

Avogadro’s numberg is the spectroscopic splitting factor :
(16) Bonner, J. C.; Fisher, M. Phys. Re. A 1964 135 640-658.

(g factor), us is the Bohr magnetonks is Boltzmann's (17) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hodgson, DIndrg.
Chem.1978 17, 1415-1421.

n=

(15) Johnston, D. C.; Kremer, R. K.; Troyer, M.; Wang, X.; Kiper, A,; (18) Motoyama, N.; Eisaka, H.; Uchida, Bhys. Re. Lett.1996 76, 3212~
Bud’ko, S. L.; Panchula, A. F.; Canfield, P. €hys. Re. B 2000 3215.
61, 9558-9606. (19) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986; p 327.
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081 Tr-osik Cu—07 distance (2.34 A) with the GtO7—Cu angle of
* f o 99.2, while the Cu spins occupyd, orbitals lying on the
062 1~ = basal planes of the Cy@yramid. (This fact is confirmed
g Is, P by the alignment direction of BaCuw®;.) The apical Ca-O7
Y o4l Co bonds are also included . The basal planes of the CyO
= T | pyramid lie in different planes fod; and J,, whereas they
S : CIT =yt piT* 4 far lie on almost one plane fak.1220Therefore, the overlap be-

o m tween the copper,d.» magnetic orbitals should be almost
zero in the case aj; andJ,. Thus, in BaCuBO7, J; (Ja/ks

= Jks = 103.8 K) is the main exchange constant, aad
andJ, appear to be negligible. The double-spin chain system
Fioure 3. Total i heat divided b T blotted aga (Figure 1a) can be considered as two almost isolated 1D
Taure aéulacg? Spediie e dvicec oY fxnggﬁrnfteﬁ E’g"?gei e o linear chains. The recent investigation of exchange interactions
the eye. Thick solid line is the calculated magnetic specific heat divided in BaCuROy-, on the basis of the spin-dimer analysis, con-

(Cm )calc/T 0 20
|

40 N 60
T2 (K?)

00 +~+—r——"—"r+—r—"—rr T+ T
0 10 20 30 40 50
Temperature (K)

by temperature,Gm/T)caca The left inset shows the enlarged fragment of  firmed that the main exchange constant is between Cu atoms

this figure. The right inset gives th@y/T vs T 2 curve (symbols) with the

fit to eq 3 (solid line). mediated by two CtO---O—Cu paths corresponding fa.2*

The ratio betweeity andJ/kg (ks Tn/J) is 0.78%. BaCuf®;,
At low temperatures, the magnetic specific heat divided by is therefore an excellent physical realization of e 1/2
temperature C/T, for the uniformS = 1/2 Heisenberg linear-chain Heisenberg antiferromagnet, together with Sr
antiferromagnetic chain is known to be constant and equal Cu(PQ), (ksTn/J = 0.06%,Ty = 85 mK)2222Ba,Cu(PQ);
to (2/3Nks%J.15 The initial deviation from this constant value (ks Tn/J < 0.34%)%2 SKLCUG; (ks Tn/J & 0.25%) 8 y-LiV ,05
is positive and approximately quadratic Ta*® The lattice (ks Tn/J < 0.16%)2* and copper benzoate CuffzCOQ)-
contribution can be expressed & = fiT° + [.T° 3H,0 (ks Tn/J = 0.0047%,Ty = 0.8 mK)2>26The value of
Therefore, the experiment@}/T versusT 2 data can be fited  the interchain interaction)-/ks, in the S = 1/2 1D chain
by the equation can be estimated using the equatfon

Cp/T =yt ﬁsz + ﬂzTA (3 /Ky = Ty
wherey = C/T. 1.28,/In(5.8J/(ksTy))

We fitted theC,/T versusT 2 data by eq 3 between 2 and
10 K. The fitted parameters are presented in Table 1.yThe
value corresponds td/ks of 104.73(11) K, in excellent
agreement with thd/kg value obtained from the magnetic
susceptibility data. The value @ gives a Debye temper-
ature,®p = (234Nks/31)'3, of 175 K for BaCuRO;.

The calculated,,/T curves, Cn/T)caics for BaCuBO; are
plotted in Figure 3. For our calculations, we used eq 54 from
ref 15 (i.e., 1D uniform chain model) and ttiés parameter
determined from theg/(T) data

(5)

This formula givesl-/ks = 0.246 K. Interchain interactions
are ~420 times smaller thad; in BaCuRO;. 3P NMR
studies of BaCuf®; gave similarJ/kg and Ty values?®
Figures 4-6 show the (T) and 3 %T) curves for
BaCoROy; and BaNiRO;. There was no difference between
the ZFC and FC curves except for the lowest-temperature
region, where the upturn in the values is caused by the
paramagnetic impurities or defects. Between 100 and 400
K for BaCoROy; and 50 and 300 K for BaNi@®y, theyX(T)
data for the powder samples could be fitted by the simple

c, (M= Curie—Weiss equation
S c
1+ $ N __C
ani, T 2N . M=5"5 (6)
— ajt sin e “ —ate * (4) . _ _ _
16t2 9 . a, + ag whereC is the Curie constant anflis the Weiss constant.
1+ » Dyt The parameters fitted to eq 6 are given in Table 1. BaOpP
ES
. . 20) Koo, H.-J.; Whangbo, M.-H.; VerNooy, P. D.; Torardi, C. C.; Marshall,
wheret = kgT/J and the numerical values of the coefficients (20) W. J.Inorg. Cher%,zooz 41, 4ee¢4g72.
(Nl_Ne, D;—Dg, andal—aa) for C,, can be found in ref 15. (21) 539605 H.-J.; Dai, D.; Whangbo, M.-Hnorg. Chem2005 44, 4359~
The Cw/T)caca Values were very close to the experimental (o) Belik, A. A.; Azuma, M.; Takano, MJ. Solid State Chen2004 177,
Cy/T values near 2 K, where the lattice contribution and the 883-888.

: : ~ P (23) Belik, A. A.; Uji, S.; Terashima, T.; Takayama-MuromachiJESolid
contribution from thel-type anomaly are negligible. State Chemin press.

Experimental data evidence that magnetic properties of (24) Ueda, Y.Chem. Mater1998 10, 2653-2664.
BaCuRO; can be described by the 1B = 1/2 uniform (25) Asano, T.; Nojiri, H.; Higemoto, W.; Koda, A.; Kadono, R.; Ajiro,

. . . . Y. J. Phys. Soc. Jpr2002 71, 594-598.
linear-chain model. This fact can be understood using the (26) Kkarai, Y.: Masutomi, R.; Kubota, M.; Ishimoto, H.; Asano, T.; Ajiro,

geometrical parameters of the €0—Cu and Cu-O-+-O— @ \é r1:1’h|>/siﬁel Eﬁsﬁoa ?&2913?&31%%%2—7%0(2)%&2793
H H H chulz, H. yS. Re. Letl. y .
Cu connections. In the structural dimer unul)( the (28) Nath, R.; Mahajan, A. V.; Buttgen, N.; Kegler, C.; Loidl, A.; Bobroff,

connection between the Cu atoms includes the long apical ~ J.Phys. Re. B 2005 71, 174436-1174436-11.
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Figure 4. (a) They(T), x (T), andyn (T) curves (symbols with lines) and
(b) they~XT), %~ XT), andyo~X(T) curves (symbols) for the powder and
aligned BaCoRO; samples measured in FC mode at 100 Oe. The fit to eq
6 is given for they~1(T) curve by the solid line. Inset in panel a gives the
x'(T) and ¢¢/'/dT vs T curves for the powder BaCe®; sample measured
by cooling atHac = 1 Oe,Hgc = 0 Oe, andf = 10* Hz.
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Figure 5. They(T) andyn(T) curves (symbols with lines) for the aligned
BaCoRO; sample measured in FC mode at 0.1 and 90 kOe. ytii€)
curves are also plotted using the secondaaxis.
and BaNiBO; have the very close Weiss constants. The
negative Weiss constant implies antiferromagnetic interac-
tions between MI" (M = Co and Ni) ions. The effective
magnetic momentuer = (8C)Y?) was calculated to be
4.831(2)g per Ca* ion and 3.422(1)s per NP ion. These
values are typical for these ions.

They(T) curves showed a broad maximumTat ~ 20.0
K for BaCoRO; andTy ~ 19.0 K for BaNiRO;. The d§T)/
dT versusT curves exhibited sharp peaks &t = 10.4 K
for BaCoRO; and Ty = 10.1 K for BaNiRO;. The forms
of they(T) curves indicate the antiferromagnetic ordering at
Tn. The large difference betweehy and Ty suggests the
presence of a large contribution from the short-range
correlations®

The %'(T) curves for BaCofO; were measured between
2 and 30 K and found to be independent, frequency,

Figure 6. The x(T) (circles with lines) ang,~%(T) (triangles) curves for
the powder BaNifO; sample measured in ZFC mode at 100 Oe. The fit to
eq 6 is given for the~Y(T) curve by the solid line. Inset shows the/ @}/

dT vs T curve between 2 and 30 K.

and heating/cooling mode. Thg(T) curves (see the inset
of Figure 4) were very close to thgT) curve measured at
100 Oe. No peaks were found on th&T) curves atTy.
This fact is attributed to the presence of short-range cor-
relations. No anomaly was observed on ji¢T) curves.
However, the ¢'/dT versusT curves exhibited sharp peaks
at 10.5 K, like those in the)ddT versusT and d§T)/dT
versusT curves.

For the aligned BaCaP; sample, a large difference was
observed between thg(T) (magnetic field is parallel to the
alignment or easy direction) angy(T) (magnetic field is
perpendicular to the alignment direction) curves. Such
behavior is obviously different from the behavior of a
conventional isotropic 3D antiferromagnet. For an isotropic
3D antiferromagnet, they(T) and yo(T) curves should
coincide abovdy (Ty).X® The large difference between the
x1(T) andy(T) curves of BaCoFD; may be attributed to a
large single-ion anisotropy of Gb and to the one-
dimensional nature of BaCg®;. For example, in BaG¥;0s
with a one-dimensional arrangement of’Cdons, a large
difference was also observed in magnetic susceptibility
curves measured along different crystallographic direcfidns.

In the case of BaCaP;, the position of the broad
maximum was different for the,(T) and yo(T) curves at
100 Oe (Figure 5), whereas the peak positions on thdy(
dT versusT and dfnT)/dT versusT curves, which define
Tn, were the same. Thg(T) curve for BaCoFO; measured
at 90 kOe showed no maximum, however $h€T) curve
exhibited a small maximum &ty ~ 10 K. The difference
between they(T) curves at 0.1 and 90 kOe suggests the
presence of field-induced phase transitions at low-tempera-
tures. Note that specific heat data for BagopPat 90 kOe
showed a peak at 9.6 K (see Supporting Information).

Specific heat data for BaCe®; and BaNiBO; at zero
magnetic field showed-type anomalies afy, confirming
the long-range antiferromagntic ordering (Figure 7). The
magnetic specific heaCn,, was calculated a€, — Ciatice,
whereCiaice iS the total specific heat of BaZaB-. The large
percentage of magnetic entrop$, = [((Cy)/T)dT, was
gained aboveTy (~71 and ~78% of the experimental
saturated values for BaCg®, and BaNiBOy, respectively)
confirming the large contribution of the short-range correla-
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Figure 7. Total specific heat divided by temperatu@,/T, magnetic Figure 8. (a) Magnetization curves(l; vs H andMg vs H, at 2 and 5 K
specific heat divided by temperatuf@,/T, and magnetic entrop$, plotted for the aligned BaCof®; sample. The curves measured from 0 to 90 kOe
againstT for (a) BaCoRO; and (b) BaNiRO;. Thin solid lines between  are shown by symbols and the curves measured from 90 to 0 kOe are given
experimental points are drawn for the eye. by lines. TheMg vs H curves are also presented using the secongary

axis. Inset shows the magnetization curve for the powder B&yiample

tions. The experimentﬁ_n values were a little bit smaller at5 K. (b) The d&4/dH VS.H and dMy/dH VS.H curves (symb_ols with Iine_s;
than the theoretical values Bfin(2S+ 1) with S= 1/2 for from 0 to 90 kOe) obtained from those in (a) by numerical calculations.
Co*" andS= 1 for Ni?*. Note that at low temperatures, the
Cc?t ion behaves as a8 = 1/2 ion*®

The magnetization curveyl versusH, at 5 K for the
powdered BaNiRD; sample exhibited almost linear behavior
and no anomaly up to 90 kOe anticipated for the antifero-
magnetic state (inset of Figure 8a). In the case of BaOgP
the linear behavior was observed up to about 30 kOe (at 5
K) and 50 kOe (at 2 K). Above these fields, we have
observed metamagnetic phase transitions orMigersus
H curves. TheM versusH curves at 2 ath 5 K showed )

(@)

small curvatures near 50 kOe, probably because the align- oot
ment or the sample position was not perfect. However, these L 0.010
curvatures may also have the intrinsic nature for BafCoP E
The M, versusH curve a 2 K was saturated at about.@/ e L 0.006
mol expected for the Co ion with three unpaired electrofs. %
No hysteresis loop was detected on eversusH andMp N . 0.002
versusH curves.

The dM/dH versusH curve d 2 K exhibited one sharp ‘ -t T -0.002
peak at 52 kOe and two broad peaks at 55 and 71 kOe 0 20 40 60 80
(Figure 8b). To investigate the magnetism of Bagdfin Magnetic Field (kOe)

more detail, we measured the field dependence of the acgigéfeag (a)xnl' (H, Teons) 3”; }((b)(xu" I(Hr)Tc;;ng f(UEV_ES folr ”)‘e ?';]?_'”Ed
e . aCo 7 Sample measure circlies) al trlang es) withHye
susceptibility at 2 ath 5 K (Figure 9) and the temperature  _ 15 e and = 10 (empty symbols) and £tHz (black symbols).

dependence of the ac susceptibility at a static field of 90

kOe (see Supporting Information). Two peaks at 53 and 74 whereas they/'(T) curves showed maxima ne8 K and

kOe were clearly observed on thg'(H) curves at 2 K strong dependence on the frequency.

indicating the appearance of a net ferromagnetic moment. The appearance of a small magnetization plateau with a

They/(H) curves &2 K showed two rather broad peaks at value of about one-half of the saturated value (Figure 8a)

56 and 71 kOe. One can see that tiv/dH versusH curve suggests the existence of an intermediate ferrimagnetic phase
is, quantitatively, a sum of thg'(H) andy,/'(H) curves. The between the antiferromangetic ground state and the ferro-

2 (T) curves atHyg. = 90 kOe were almost frequency magnetic state. It seems that the interaction between Co ions
independent and exhibited very broad maxima near 10 K, along the easy axis (the alignment direction) is ferromagnetic.
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Magnetic Properties of Isostructural BaMpD;,

This ferromagnetic moment is compensated by the neighbor-son with BaCuBO;, J; and J, may not be negligible in
ing units resulting in the antiferromagnetic state. The BaCoRO;and BaNiRBO;. As far as we are aware, the double-
application of a magnetic field along the easy axis breaks spin chain system (Figure 1a) was investigated extensively
the antiferromagnetic state. The ferromagnetic interaction in only for S= 1/214532Therefore, BaCof®,; and BaNiRO,
BaCoROy is also shown by a positive Weiss constant of may be good candidate model compounds for the double-
the x(T) curve if it is extrapolated from high-temperature spin chain system wits = 3/2 and 1. Note that BaCu®;
region (Figure 4b). The information about the magnetic is a good illustration of the importance of super-superex-
structure is required to understand the nature and details ofchange interactions in determining the patterns of strongly
the two metamagnetic phase transitions in BaflsPNote interacting exchange paths.

that two metamagnetic phase transitions with an intermediate In conclusion, we investigated the magnetic properties of
ferrimagnetic state were found in one-dimensional Rbg-eCl three isostructural compounds BaGQOF, BaCoRO;, and
2D,0 and CsFeGi2D,0.19:%0 BaNiP,O;. BaCuRBO; was shown to be an excellent 1D

The magnetic behavior of BaM®; (M = Co, Ni, and linear-chain Heisenberg antiferromagnet witks = 103.8
Cu) is quite different. Different magnetic behaviors were also K andkgTy/J = 0.78%. BaCoFD; and BaNiBO; are ordered
found in CuwQ, CoWQ, and NiWQ, despite their close  antiferromagnetically afy = 10.4 and 10.1 K, respectively,
crystal structuredt CuwQ, showed a 1D antiferromagnetic  and show a large contribution from short-range correlations.
short-range order (witl/kg = 132.6 K) aboveTy = 24 K. BaCoRO; exhibits two metamagnetic phase transitions and
CoWGO, and NiWQ, were shown to be ordinary 3D antifer-  1/2 magnetization plateau.
romagnets withTy = 48 and 62 K, respectively, without
noticeable short-range correlations in comparison to those
of BaCoRO; and BaNiRO;.

The interaction between the Cu atoms in Bagbf
mediated by two super-superexchange paths, is rather stron
Because the magnetic orbitals of are strongly aniso-
tropic in shape, the other interactions are very weak&nd
is very low. Another reason for the pronounced 1D nature
of BaCuRO; is the quantum effects for a small spinCu Supporting Information Available: Experimental, calculated,
ion (S= 1/2) in comparison with those of Ki and Cé* and difference XRD patterns for the powder and aligned BaD4P
ions. The large contribution of the short-range (1D) correla- (M = Co and Cu) samples (Figures-S$2), C,/T versusT curves
tions in BaCoRO; and BaNiRO; is confirmed by the specific ~ for BaCoRO7 at 0, 50, and 90 kOe (Figure S3), DTA curves for
heat data and the noticeable difference betwieand Ty. BaMP,O; (M = Co, Ni, and Cu) (Figure S4), angf (T) andy"(T)

. . . curves of BaCofD; measured aHyg. = 90 kOe from 30 to 3 K
These short-range correlations are consistent with the 1D

fthe i | . ) with Hae = 10 Oe and = 1%, 1C, 5 x 10% and 16 Hz (Figure
nature of the isostructural BaCy®;. However, in compari- S5) (PDF). This material is available free of charge via the Internet
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