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BaNi,V,0g4: A two-dimensional honeycomb antiferromagnet
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The magnetic properties of BajW,Og are reported. The magnetic Ni ions are arranged in a two-
dimensional2D) honeycomb net. Susceptibility, specific heat, and neutron diffraction measurements reveal the
onset of antiferromagnetic long-range orderib@O) close to 50 K. Diffuse scattering that is characteristic of
strong 2D magnetic correlations are observed up to 109(K) of Ba(Ni, _,Mg,),V,0g (0=<x=<0.2) shows
the gradual disappearance of LRO with doping.
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[. INTRODUCTION the 3D ordering transition is clearly visible in thg€T) and
C(T) plots. Also, unlike the other members of this family,
The discovery of materials that display quasi-one-the spins in the current compound appear to lose all but an
dimensional(1D) or quasi-two-dimensional2D) magnetic  extremely small amount of their entropy before the 3D or-
properties has made possible the verification and refinemeg@lering transition. Both the structural and magnetic properties
of theoretical models for such systems. The geometry of th€f BaNi,V,05 suggest that it may be considered as one of
magnetic lattice plays a key role. Exchange coupling in |0W_t_he best candidates on which to test the theoretical predic-
dimensional systems based on spiftD chains and 2D tions for a 2DXY model. Mg-doped samples of Bai\i,Og
square lattices has been extensively studied due to their infv€re prepared and characterized to investigate the effect of
portance in understanding high- superconductivity. Low- substituting nonmagnetic ions into the magnetic Ni sites.
dimensional magnetic lattices based on triangles, in particu-
lar of the frustratingkagomegeometry:~3 have been of Il. EXPERIMENT
significa_nt recent interest. Another variant ofgtriangle—based Polycrystalline samples of Ba(Ni,Mg,),V,0s (0<x
system is the honeycomb net. The few studies on the prop=( 2) were synthesized by conventional solid-state reaction
erties of compounds based on this lattice have exhibited ingsing BaCQ, NiO, MgO, and \4Os as starting materials.
teresting properties such as spin glass behdvapin-flop  The reagents were mixed in stoichiometric proportion and
transition; Ko's'gegrlltz—ThouIess behaviér, and even h?ate_d in de”$e AD; .cru'cibles at 950 °C in air for 2 days
superconductivity: with intermediate grindings. The powder samples were
Here we report the characterization of the magnetic proppressed into pellets and heated in densgd4lcrucibles at
erties of a spin-1 honeycomb compound, BaNOg. 1000 °C in air for 18 h. Single crystals of BaMi,Og were
BaNi,V,0g (space group R—3; a=5.0375 and ¢  grown via a self-flux technique. A mixture of the starting
=22.3300 A (Ref. 9 is a 2D compound that consists of materials was heated at 1100 °C in air #oh and then slowly
honeycomb layers of edge-sharing NiOGctahedraFig. 1).  cooled to room temperature. The yellow hexagonal plates of
The layers are separated by nonmagnefic ®, tetrahedra  BaNi,V,05 were then mechanically separated from the flux.
and B&" ions. The magnetic properties are therefore ex- Powder x-ray-diffraction(XRD) with Cu Kea radiation
pected to be dominated by antiferromagnetidFM)  was employed to characterize the samples. The magnetic
Ni?*-O-Ni** interactions within the layers. Since Niin  susceptibility data were obtained for the powder samples be-
octahedral coordination has tbéconfiguration, BaNiV,0g tween 300-5 K at applied fields of 1 T using a Quantum
is a spin-1 magnetic system. Design PPMS magnetometer. The anisotropic magnetization
BaNi,V,Og is isostructural with B ,X,05 (M data were obtained on single crystals using a Quantum De-
=Co, Ni; X=P, A9, whose magnetic properties have beensign MPMS superconducting quantum interference device
previously reported®!2 BaNi,P,0 and BaNjAs,O5 are  magnetometer. Specific heat measurements were performed
considered to be prototypes of a 20Y system. Here we find on a sintered powder sample of BaMyOg using a standard
that in spite of the structural resemblance, the magnetic progemiadiabatic heat-pulse technique.
erties of BaNjV,0g are quite different from the other nickel The neutron powder diffraction intensity data of
compounds. The bulk magnetic susceptibijfyT) and spe- BaNi,V,0g were collected using the BT-1 high-resolution
cific heatC(T) of BaNi,V,0Og show very subtle features at powder diffractometer at the NIST Center for Neutron Re-
around 50 K indicative of magnetic ordering, barely seen insearch, employing a C(811) monochromator to produce a
high-resolution measurements. Three-dimensiaB8&l) or-  monochromatic neutron beam of wavelength 1.5401 A. Col-
dering is confirmed by neutron diffraction to occur at thatlimators with horizontal divergences of 1520, and 7
temperature. In contrast, for Ba#,Og and BaNjAs,Og, arcs were used before and after the monochromator, and after
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(a) —3) with a=5.02899(4) anct=22.3450(2) A. Less than
four percent of an impurity phase in this sample was identi-
fied to be a tetragonal phase with the symmetry/a4¢d
reported for BgsSr, sNi,V,0g (Ref. 14 and was taken into
consideration in the final refinements. No structural phase
transitions were found from room temperature to 8 K. Be-
cause of the very small coherent neutron-scattering length for
V, the z coordinate for V was fixed at 0.42488and its
temperature factor was fixed. The final structural parameters
and selected interatomic distances are given in Table I.

The susceptibility y(T) of polycrystalline single-phase
BaNi,V,0Oq (Fig. 2) exhibits a very broad peak near 125 K,
which is indicative of low-dimensional ordering. A small tail
is observed at low temperatures due to the presence of small
quantities of magnetic impurities. No obvious feature asso-
ciated with long-range ordering.RO) can be observed. The
high temperature series expansi¢tiTSE) for an S=1 2D
honeycomb antiferromagnet has been theoretically derived
by Rushbrook and Woot?,and can be used to fit the(T)
data for BaN}V,0g. The expression is

xarm= (NG?ua/3kT)[S(S+1)](1+Ax+Bx?+Cx3
(b) +DXx*+Ex®+Fx®) 1, (1)

wherex=|J|/KT, J is the exchange interaction between Ni
sites,k=1.3807x 10 *® erg K™%, N is Avogadro’s constant,
wp=9.274x10 ?*ergG !, A=4,B=7.333,C=7.111,D
=—-5703,E=-22.281, and==51.737. A good fit to the
high temperature experimentg(T) data(150-300 K was
obtained with two fitting parameters, as shown in Fig. 2,
yielding J/Jk=—48 K andg=2.3. The exchange parameter
values reported for BablP,Og and BaNjAs,Og are J/k~
—8 and J/k~—(6-7) K,X° respectively. Comparison to
J/k=—48 K for BaNiLV,0g confirms quantitatively that the
FIG. 1. (@) Crystal structure of BaMV,0g. (b) The magnetic  Ni2+-Ni2* AFM interactions within the planes of
Ni2* ior)s (located at the center of the octahedeme shown ar- BaNi,V,0g are much stronger than those in the phosphate
ranged in honeycomb layers. and arsenate, making it a more ideal candidate for 2D behav-
ior than the other compounds.
the sample, respectively. The intensities were measured in Measurement of the susceptibilities parallg})(and per-
steps of 0.05° in the 2range 3°-168°. Data were collected pendicular f,) to the ¢ axis on single crystals of
at room temperature and 8 K. The structural parameters wetgaNi,V,Og give evidence for planar anisotropic behavior
refined using the program general structure analysigFig. 3). At high temperatures, the compound behaves isotro-
system'® The neutron-scattering amplitudes used in thepjcally and becomes anisotropic near 100 K. A very small
refinements were 0.525, 1.03-0.0382, and 0.581 feature is observed at48 K in XH(T) (inset, F|g 3 The
(x10"*?cm) for Ba, Ni, V, and O, respectively. Additional anisotropic magnetization data suggest that the spins lie in
data were obtained on the high-intensity BT-7 triple-axisthe plane of the Ni-O honeycomb layers. The reported sus-
spectrometer to explore the magnetic sc_attering .in more dQ:eptibiIities for the related compounds BaMiOg (X
tail. For these measurements, a pyrolytic graphitd@®@  =p, As) also imply strong planar character, consistent with
double menochroma_tor was employed at a wavelength ofeijr layered structure. However, unlike BaMjOg,
2.46 A, with 52 collimation after the sample and no ana- BaNi,P,Og and BaNjAs,Oq clearly display significant fea-
lyzer. tures in x(T) associated with 3D spin ordering: broad
maxima atT(xma)~32 K and inflection points §y/6T?
=0) at the Nel temperaturesTy=24.5-1 and Ty=19
+2 K, respectively, marking the 3D ordering transitidfls.
The structure refinement for a 10-g powder sample of BaNi,X,05 (X=V, P, As) are isostructural, consisting of
BaNi,V,0g at 295 K was carried out successfully using pre-(001) magnetic layers wherein the Ni ions are arranged in
viously reported structural parametess initial values. The honeycomb layers. For Bapi,0g, the NP -Ni?" distance
crystal structure was found to be hexagofsdace groufR  within the honeycomb planesl{=a/v3) is 2.90 A while the

Ill. RESULTS AND DISCUSSION
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TABLE I. Structural parameters of BaNi,Og at 295 K (first line) and 8 K(second ling The space

group isR3 (148. The magnetic unit cells arey,,=by =ay andcy=2cy, where theay andcy are the
nuclear cell constants. Thecoordinate and temperature factor for V were fiXede text

ay=5.02899(4) A cy=22.3450(2) A V=489.41(1) B
25.020492) (R) 22.23813) (A) 485.421) A3
Atom X y z B(A?
Ba 0 0 0 0.865)
0 0 0 0.365)
Ni 0 0 0.169 576) 0.532)
0 0 0.169 6%7) 0.292)
Y 0 0 0.42458 0.56
0 0 0.42458 0.24
0o(1) 0 0 0.349 949)
0 0 0.349 169)
0(2) 0.65943) 0.00473) 0.219 6%4)
0.65983) 0.006@3) 0.219 684)
Bll BZZ B33 Blz Bl3 BZB
o(1) 0.994) =B,, 1.14(6) 0.402) 0 0
0.434) =B,, 0.967) 0.21(2) 0 0
0(2) 0.544) 0.555) 1.41(5) 0.295) 0.165) 0.126)
0.354) 0.205) 0.903) 0.135) 0.11(5) 0.075)
R, (%): 3.89 Rup (%): 5.01 x. 1.66
4.65 6.07 2.13

Selected interatomic distancék)

295 K 8 K
Ba-O(1) 2.92713) 2.91972)
Ba-O(2) 3.02Q1) 3.0041)
Ni-O(2) 2.0581) 2.0511)
Ni-O(2) 2.0562) 2.0482)
V-O(1) 1.6682) 1.67712)
V-O(2) 1.7431) 1.7451)
Ni-Ni 2.90641) 2.90141)
T M v v 1 v I v )
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FIG. 2. Temperature dependence of the magnetic susceptibility
of polycrystalline BaNjV,0g. The experimental dataopen FIG. 3. Temperature dependence of the susceptibilitiesnd
circles is shown together with the theoretical f#olid ling) for an  x; of BaNi;V,Og. Inset shows a plot of(T) from 10-100 K. The
S=1 2D honeycomb model. Applied dc field is 1 T. solid line is a guide to the eye.
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0.1 i interlayer distanced,=c/3) is 7.45 A. Thus, we expect a
N, . pronounced 2D magnetic character in this system from the
50 80 70 . . :
00 L large interlayer-to-intralayer ratid,/d,;=2.57. When com-

pared to BaNiX,Og (X=P, As) with d,/d;~2.81° the

T(K) value obtained for BaNV,Og is smaller but it is not too
. different. The Ni-O-Ni bond angles, which are important to

5 ;'(;’/ g' The temtpzrggr_l‘f d(frpelndetncr(]e of thelstp;cglc hfat %hagnetic superexchange, can also be compared. The bond

aNI represente VS I. Inset Shows a plo VS ;i o
from 2252—785 KFT with a broken line in the main pan%l takerCasin ar;]glleshfor BfaNJVZO_B (Ref, 9)fare fougd to be 90.009) f,
AC=(Cups Co). The line representing, is arbitrary and is taken while those for ?al\EPZOB (Reo. 16 and BaN}As,Op (Ref.
for purposes of illustrating the weak featureG@ws T near 50 K. 17) are 84'9519). and.86'992) , respectively, Whlch are less

than the 90° Ni-O-Ni bond angle expected for ideal edge-

sharing octahedra. The Ni-O-Ni superexchange interaction is
expected to be very sensitive to this angle. This slight differ-
ence in bond angles may be responsible for the observed
weaker intralayer coupling and more favored 3D ordering in
the phosphate and arsenate.

Specific heat measurements on BANIOg were also
taken. The magnetic specific heats for the analogous iso-
structural BaNjX,0g (X=P, As) exhibit large, sharp-type
anomalies affy,*® marking a significant loss of entropy at
the 3D ordering transition. The specific heat data for
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FIG. 7. Observedcross, calculated(solid line), and difference
neutron-diffraction profiles for BahV,0g at 8 K. The vertical
lines show the reflection positions of the nuclear pediattom),
magnetic peaksmiddle), and the impurity phasé&op). The inset
shows the details of the magnetic peaks, fit with the magnetic model
shown in Fig. 5. The weak peaks aR1.2° and~30.7° are due to
a small amount<0.5% of an (unknown impurity phase(These
peaks are not seen in the BT-7 data, where a different wavelength
was used, because of poor resolution; the two peaks overlap with
the nearest strong peaks.

FIG. 5. The magnetic structure of Ba\i,Og. For simplicity,
only the Ni atoms are shown.
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BaNi,V,0g are shown in Fig. 4. They do not show any sharpis quite different from the other two compounds; it can be
transition associated with long-range magnetic ordering, bugonsidered to be characterized by ferromagnetic chains that
only a very broad peak near 100 K. High-resolution mea-are coupled antiferromagneticaly.In the magnetic model
surements, however, show that a very small featuteGnvs  for BaNi,V,0Og, each Nf" spin lies within the honeycomb
T may be seen at-48 K (inse), which is the same tempera- layer and is aligned antiferromagnetically with its three near-
ture at which a small feature appears ¥(T). The total est N?* neighbors. The Ni" spins between layers are also
entropy needed to fully disorder a mole of a spin-1 system isirranged antiferromagnetically along thexis. The ordered
RIn3. However, the entropy change at the transition temmagnetic moment for Ni refines to 1.55(4g and lies in the
perature for BaNiV,0g was calculated to be-0.8%RIn3.  ap plane. This moment is less than the expected value of
This extremely small change in entropy at the 3D transitionp , . for an antiferromagnetically ordered spin-1 compound,
temperature suggests that the magnetic entropy is lost Ovelghich may be attributed to quantum fluctuations. The ob-
very wide temperature range upon spin ordering, that iSgryed and calculated intensities of the final refinement are
most of the entropy of the system has been lost during thenown in Fig. 7.
transition to a 2D ordered state B=50 K. _ To investigate the magnetic ordering in more detail, data
Neutron diffraction data on BabV,Og confirm the exis-  yere collected on BT-7 and are shown in Fig. 8. A plot of the
tence of 3D ordering at low temperatures. The magnet%eak intensity of the1 0 ) magnetic reflection, which is
peaks can be indexed using tke (1 03) propagation vec- proportional to the square of the ordered antiferromagnetic
tor (doubling the unit cell in the direction. The AFM struc-  moment, is shown in Fig.(8) as a function of temperature.
ture model shown in Fig. 5 provides a very good fit to theThe data indicate a sharp AFM phase transition Tat
observed magnetic peaks. This long-range ordered magneti€50(1) K. The data in Fig. @) reveal three magnetic
structure is very similar to that of Bap®,Og (Ref. 18 (Fig.  peaks, obtained by subtracting the observed scattering at 13
6). On the other hand, the magnetic structure of B&ljOg K from the “background” scattering observed at 51 K. In
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FIG. 9. x(T) of polycrystalline Ba(Nij_,Mg,),V,0g (0=<x
<0.2). The inset shows a plot of dis T from 100—300 K. 201
particular, there is no magnetic intensity observed at posi- 10 experimental T, values
tions where the nuclear peaks are located. However, the data o
suggest that there are still substantial magnetic correlations 0.00 004 008 012 016 0.20

just above the 3D ordering temperature. To investigate this
further, in Fig. &) we show the subtraction of the data at 51

K from the scattering at 115 K, which is well above the FIG. 10. Plots ofa) Curie constant¢C) and(b) the long-range-
ordering temperature. The observed asymmetric line shaps&dering temperaturesT(go) of Ba(Ni;_,Mg,),V,0g vs the
reveals that strong 2D correlations exist above the 3D ordermmount(x) of Mg doping estimated from the susceptibility data.
ing temperaturé®?° and we therefore conclude that the ex-

change interactions within the layers are considerably strorgrising from the presence of free spins, &y sy COMing

ger than the interactions between layers. The solid curve ifkom the HTSE for a 2D honeycomb antiferromagnet given
the figure is a least-squares fit to a 2D profile, assuming @y Eq. (1):

Lorentzian correlation function within the plane, and no cor-
relations be.tween _plr_:mes. The results of the fit indjcgte that x=P(CIT)+ Xarm » 2)
the correlations within the planes are resolution limited at
this temperaturdjust aboveTy), and we estimate a lower wherep is the fraction of free spins per substituted Ni site.
limit of ~150 A for the correlation length with this instru- The above equation was fitted to th¢T) data from 150—
mental resolution. Typically single crystals are necessary t800 K and gave reasonable values for the Curie const@nts.
obtain more detailed informaticfi,and it will be very inter- is plotted againsk in Fig. 10 (upper panél Simplistically,
esting to investigate the spin dynamics in this material ifwe assume that every Mg (S=0) ion substituted into a
larger single crystals become available. Ni2* (S=1) site should give rise tone S=1 spin in the
The effect of doping nonmagnetic ¥ ions into the honeycomb layers. As shown in the figure, the experimen-
hexagonal Ni-O layer was investigated. The magnetictally obtained Curie constants are smaller than the simple
susceptibility data for polycrystalline Ba(Ni,Mg,),V,0g prediction (represented by the solid lineHowever, the ex-
(0=x=0.2) are shown in Fig. 9. It is clearly seen in the perimental values are shown to give a linear fit to a situation
figure that substituting Mg for Ni2* resulted in a dramatic wherein each mole of nonmagnetic dopant creates only 60%
increase in the susceptibility at low temperatures, which inS=1 spin, shown by the broken lines in the figure. This is
creases with Mg content, indicative of the creation of freereasonable to expect since the random introduction of non-
spins in the honeycomb lattice through the introduction ofmagnetic sites into the honeycomb layers probably results
nonmagnetic ions into the Ni sites. The increasing low temnot only in the formation of paramagnetic spins but also to
peraturex(T) eventually masks the weak 150 K peak. It is correlated spins as well, which tend to suppress the total
notable that the high temperatux€T) also increases with moment.
doping. The highest temperatu¢T) data plotted as }/vs A more striking observation is that the Mg doping results
T (insed indicate that the temperature is insufficiently high in the small feature that appears below 50 K in f)€T) of
enough to observe the behavior associated with free spins lBaNi,V,0g becoming more distindFig. 9). The reason why
simply fitting to the Curie-Weiss law. However, the Curie the dilution allows the transition to appear in the uniform
constantC may be estimated by treating the susceptibility atmagnetization has been discussed in the literature in the con-
high temperatures as a sum of two terrfi3:a Curie term  text of diluted Ising antiferromagnetS.in the pure system,

x Mg-doping
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the ordered magnetization is precisely equal and opposite golays quite different magnetic properties. Magnetic measure-
the two sublattices, such that a uniform field does not couplenents show that the exchange interactions within the layers
to it. But with dilution, this precise balance is randomly dis- are considerably stronger than the interactions between lay-
rupted, allowing the uniform field to couple randomly to the ers, which makes this compound an ideal candidate for a 2D
order parameter and pick up a feature due to the onset of th¢Y model. Neutron diffraction data also show that strong 2D
ordering that now shows up in thgT) plot. It can also be correlations exist well above the 3D ordering temperature.
observed from Fig. 9 that this LRO peak shifts to lower Substituting nonmagnetic Mg ions into the magnetic lat-
temperatures with increasing Mg content. Figure(ltl@ver  tice results in the release of spins from the ordered state and
pane) shows how the LRO transition temperatui@ o) is  the appearance of distinct LRO peaks in the susceptibility.
related to the degree of doping. The decrease in the LRMetailed characterization of the crossover from the 2D to 3D
temperature with doping suggests that the dilution effect inordering transition will be of considerable interest, as would
creases as free spins are introduced by substituting nonmag-detailed investigation of the spin correlations in the 2D
netic Mg™ into the Ni sites, consistent with what is ex- regime.

pected. This leads to the weakening of the Ni-Ni

antiferromagnetic interactions and the eventual disappear-

ance of LRO withy(T) behaving more like Curie-Weiss for ACKNOWLEDGMENTS
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