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CRYSTAL AND MAGNETIC PROPERTIES OF THE NEWCOPPER�SODIUM BORATE CuNaB3O6 � 0:842H2OA. M. Vorotynov a*, A. N. Vasiliev a, V. V. Rudenko a, O. A. Bayukov a,D. A. Velikanov a, S. G. Ov
hinnikov a, O. V. Vorotynova baKirensky Institute of Physi
s, SB RAS660036, Krasnoyarsk, RussiabSiberian Federal University660041, Krasnoyarsk, RussiaRe
eived April 2, 2014A new 
ompound CuNaB3O6 � 0:842H2O was grown for the �rst time. Its 
rystal stru
ture, magneti
 sus
ep-tibility, and magneti
 resonan
e properties are presented. It was proposed that CuNaB3O6 � 0:842H2O is aspin-Peierls magnet with the transition temperature TSP � 128 K and a ladder spin stru
ture. The possibilityof a stru
ture phase transition at T < TSP is predi
ted.DOI: 10.7868/S004445101409020X1. INTRODUCTIONSear
h for and investigations of new materials withspe
i�
 magneti
 and ele
tri
 properties are amonghigh-priority dire
tions in the development of physi
sof magnetism and solid state physi
s. Great interest inexploring new systems is 
onne
ted with the solutionof some fundamental problems of physi
s, in
ludingphysi
s of magneti
 phenomena. In parti
ular, 
om-pounds of 
opper ions are very interesting from thisstandpoint. Cuprates with spin S = 1=2, as a separate
lass of 
ompounds, are interesting magnets with dif-ferent magneti
 stru
tures, whi
h are 
hara
terized bydi�erent magneti
 dimensionality and low-temperaturequantum e�e
ts. Metagermanat CuGeO3 investigatedby us was the �rst example of an inorgani
 spin-Peierls
ompound [1�3℄, LiCu2O2 was a 
hain antiferromagnetwith broken ladder magneti
 stru
ture [4℄, Bi2CuO4,a 3D antiferromagnet with four-spin ex
hange inter-a
tion [5℄, and CuGa2O4, a spin glass state 
om-pound [6℄. In 
ontinuation of this work, single 
rystalsCuNaB3O6 � 0:842H2O were grown for the �rst time inthe system SrO�CuO�B2O3�Na2B4O7�H2O. The re-sults of the investigation of their magneti
 and reso-nan
e properties are presented for the �rst time.*E-mail: sasa�iph.krasn.ru

2. SAMPLE PREPARATIONSingle 
rystals of the 
ompoundCuNaB3O6 � 0:842H2O were grown in the systemSrO�CuO�B2O3�Na2B4O7�H2O. The te
hnologi
alpro
ess 
an be divided into three stages:1. The original 
omposition of Sr(NO3)2(17.3 weight%), CuO (43 weight%), and H3BO3(39.7 weight%) after grinding was annealed in a 
ru-
ible during 24 hours at T = 850 ÆC. Su
h annealing isne
essary for at least three times in order to produ
ea dark-green poly
rystalline phase.2. Reagents Sr(NO3)2 (4.2 weight%), CuO(10.3 weight%), B2O3 (5.4 weight%), and Na2B4O7(77.0 weight%) and the synthesized poly
rystallinephase (3.1 weight%) were melted in a Pt 
ru
ible lo-
ated in the furna
e. After dissolution of the reagents,the temperature was de
reased to 740 ÆC and the meltwas mixed up.3. Then the 
ooled mixer and the 
ru
ible were lo-
ated in a glass with hot water and dissolution of themelt o

urred. After 
ooling, glass 
rystals in the formof needles of dark-blue 
olor up to 1.5 mm in lengthdropped out.607
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ture re�nement parametersFormula CuNaB3O6 � 0:842H2OMole
ular weight 232.98Temperature, K 298Spa
e group P21=
Z 42�max 57Æa, b, 
, Å 3.4924(4), 13.428(1), 11.609(1)� 96.822(1)ÆV , Å3 540.6(1)�, g/
m3 2.863�, mm�1 4.103Number of peaks 4929Independent peaks 1364Number of peaks with F > 4�F 1185h, k, l limts �4 � h � 4, �18 � k � 17, �15 � l � 15Re�nement resultsWeight re�nement on F 2 w = [�2 + (0:029P )2 + 0:35P ℄�1, P = (F 2o + 2F 2
 )=3Number of the re�nement parameters 111R1[Fo > 4�(Fo)℄ 0.0253wR2 0.0608GooF 1.071The extin
tion parameter 0.0016(9)(��)max, e/Å3 0.43(��)min, e/Å3 �0:37(�=�)max 0.003. CRYSTAL STRUCTUREExperimental di�ra
tion data were 
olle
ted from aprismati
 form single 
rystal with dimensions 0:126�� 0:124� 0:374 mm3 by using single 
rystal X-ray au-todi�ra
tometer SMART APEX II with a CCD dete
-tor (Bruker AXS), MoK�-radiation. Corre
tions forabsorption are entered on the basis of their 
al
ulationby the multi-s
an method (SAINT) [7℄. Be
ause theinitial total formula of the sample was not known, it
was determined in the 
ourse of sear
hing for the modeland its re�nement. As a result, all atoms of the 
om-pound were identi�ed and lo
ated, in
luding an unex-pe
ted water mole
ule. The positions of nonhydrogenatoms were re�ned in the anisotropi
 approximationof thermal �u
tuations and hydrogen atoms of waterthat were allo
ated from the ele
tron density di�eren
esyntheses were further spe
i�ed in the �xed 
ondition(rider model). It turned out that re�nement of the �llfa
tor (sof) of the water position lowers the R-fa
tor608
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aFig. 1. Sta
king of the stru
tural blo
ks in the CuNaB3O6 � 0:842H2O 
rystaldown to 0.2% and leads to the value sof = 0:842 (7).All 
al
ulations were performed with the assistan
e ofthe 
omplex SHELXTL [8℄. Crystallographi
 experi-mental data and re�nement parameters are presentedin Table 1.The stru
ture is built primarily of endless zigzag
hains of VO3 triangles, where links of triangles fromatoms B1, B2, and B3 are repeated with 180Æ rotationfor the triangles. The triangles are 
onne
ted by sharedverti
es O1 and O2, and links by O6 verti
es (Fig. 1).The planes passing through adja
ent 
hains are par-allel to ea
h other and 
oin
ide in orientation with apa
kage of the 
rystallographi
 planes (�102), deviatingfrom them by �0:45Å. Be
ause the interplane distan
eis here equal to 3.141Å, the plane 
hains are brokeninto pairs with distan
e 0.9Å in a pair (Fig. 2).The metal ions are lo
ated only between pair planeswith the deviation from the plain (�102) about �0:03Åfor Cu2+, and �0:25Å for Na+ (see Fig. 3).The 
opper polyhedron CuO6 
onsists of the oxy-gen atoms O3, O4, O4i, and O5 that are situated at

four verti
es (O4 atoms are 
onne
ted by the symme-try 
enter) and are 
ommon with BO3 triangles from a
hain pair (see Fig. 1). The Cu�O distan
es here varyfrom 1.919 to 1.939(2)Å. The other two oxygen ionsO4ii and O5iii are 
ommon with the triangles from aneighboring 
hain pair. The Cu�O4ii distan
e is equalto 2.781(2)Å and Cu�O5iii is 2.809(2)Å. As a result,CuO6 polyhedrons are grouped into �at tapes alongthe a parameter (Fig. 4), 
onne
ting with neighbors byfour edges ea
h.In turn, the sodium ion is 
oordinated by sevenoxygen atoms, two of whi
h belong to water mole
ules(Fig. 5). The oxygen atoms are arranged su
h that fourof them are separated by no more than 0.07Å from theplane shown in Fig. 5. The angle between the normalto the plane and the line passing through the O3i andNa atoms is equal to 5.5Æ. The distan
es Na�O lie inthe range 2.332(2)Å to 2.612(2)Å.A water mole
ule is 
ommon for two Na ions. TheNa�Ow�Na angle is equal to 93.8(1)Æ at the distan
esNa�O 2.342(3) and 2.441(3)Å. The positions of the hy-13 ÆÝÒÔ, âûï. 3 (9) 609
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aFig. 2. Position of the planes of the BO3 polyhedra inthe stru
ture of CuNaB3O6 �0:842H2O. Not all atomsare shownTable 2. Hydrogen link parameters in theCuNaB3O6 � 0:842H2O 
rystalOw�H, Å H�O6, Å Ow : : : O6, Å Ow�H�O60.97 2.47 3.297(3) 143Æ O6i0.97 2.00 2.930(3) 161Æ O6iiNote. i: �x, y � 1=2, 1=2� z; ii: x, 1=2� y, 1=2 + zdrogen atoms are determined exa
tly. They are 
onsis-tent with the positions determined from the ele
trondensity di�eren
e syntheses. As a result, there are hy-drogen links O�H : : : O in the 
rystal with the param-eters listed in Table 2.4. MAGNETIC MEASUREMENTS ANDDISCUSSIONThe magneti
 measurements of theCuNaB3O6 � 0:842H2O sample were performedusing a SQUID magnetometer at H = 300 Oe in thetemperature range 4.2�330 K. The sample 
onsistedof a set of randomly oriented 
rystals, with a totalmass of 85 mg. The temperature dependen
e of themagneti
 sus
eptibility is presented in Fig. 6.The magneti
 sus
eptibility has a maximal value atT = 330 K �max = 3:1 � 10�6 
m3/g and de
reases

monotoni
ally to a minimum at T = 58 K. An in
reasein the sus
eptibility o

urs with a further de
rease inthe temperature, and is espe
ially strongly pronoun
edin the temperature range 4:2 K � T � 20 K.The sus
eptibility does not follow the Curie�Weisslaw in the entire temperature range, but the very smallvalue of �max and its de
rease with de
reasing the tem-perature (see below) suggests that antiferromagneti
intera
tions dominate in the system.The sharp in
rease in the sus
eptibility at low tem-peratures, in our opinion, is asso
iated with the exis-ten
e of small amounts of impurities or defe
ts in thesample, whi
h remains paramagneti
 down to heliumtemperatures. With this assumption, the 
on
entra-tion of paramagneti
 impurities x � 10�2 was evalu-ated by least-square �tting of the experimental datain the temperature range 4:2 K � T � 15 K by a� = xC=T fun
tion, where x is the 
on
entration ofparamagneti
 impurities and C is the Curie 
onstantfor the spin SCu = 1=2. The �tting 
urve and its di�er-en
e from the experimental data are shown in Fig. 6.The temperature behavior of the dependen
e of themagneti
 sus
eptibility thus obtained is typi
al of sys-tems with an energy gap between the ground nonmag-neti
 and ex
ited states, the so-
alled spin-Peierls mag-nets [9�12℄. The spin gap evaluation was performed by�tting the low-temperature region (up to T = 150 K)with the equation� = � exp(��=kBT ) + �0; (1)where � is a 
onstant that 
hara
terizes the disper-sion of the exiting energy [6℄, � is the energy gap, and�0 is a 
onstant term due to the diamagneti
 
ontri-bution from the ele
tron shell and Van Vle
k param-agnetism. The solid 
urve in Fig. 6 shows the best�tting results with the parameters � = 8:26 � 10�6,�0 = 4:99 � 10�7 
m3/g, and �=kB = 259 K.Currently, there are several me
hanisms for the for-mation of a spin-singlet ground state in these systems,namely, the intera
tion of spin and phonon subsys-tems [13℄, the 
harge [14�17℄ or orbital [18℄ ordering.To 
larify the me
hanism of formation of a singletground state in CuNaB3O6 � 0:842H2O, it is ne
essaryto 
onsider the features of the 
rystal stru
ture of this
ompound. Figure 7a shows the lo
ation of the 
op-per ions in the CuNaB3O6 � 0:842H2O stru
ture, whi
hform two linear 
hains, linked with ea
h other, alongthe a axis of the 
rystal. Oxygen 
oordination o
ta-hedra in the 
hains are 
onne
ted by edges, providinga 90-degree geometry links of the neighboring 
opper
ations. These 
hains form a ladder of inter
onne
ted
opper 
ations shown in Fig. 8.610
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bFig. 3. Metal ion distribution in a

ordan
e with BO3 planes in the CuNaB3O6 � 0:842H2O 
rystal stru
ture

b

c
aFig. 4. Arrangement of CuO6 polyhedra inCuNaB3O6 � 0:842H2OWe note that the Cu2+ ladders 
an be 
on-sidered quasi-independent from ea
h other, be
ausethey are �separated� from one another by extendedO�Na�BO3�O bridges. The oxygen o
tahedron has astrong tetragonal distortion (see Fig. 7b ). The averageligand�
ation distan
e in the basal plane of the o
tahe-dron is 1.925Å, whereas the average ligand�
ation dis-tan
e along the long axis of the o
tahedron is 2.795Å.The singlet ground state 
an be formed due to thepresen
e of Cu2+ion pairs in the 
rystal stru
ture, 
on-ne
ted by strong antiferromagneti
 ex
hange intera
-tion.

Ow

O2

Na

O1

O3
O5

Owi

O3iFig. 5. Na+ atom environment. The operation i
hanges the 
oordinate x to x+ 1We next dis
uss the population of 3d-orbitals of theCu2+ ion in a tetragonal distorted oxygen o
tahedronwith the Cu�O�Cu ex
hange intera
tions in the ladder.We 
onsider the energy levels of the 3d ele
trons underthe strong distortion of the ligand oxygen o
tahedron.Figure 9 shows a qualitative pi
ture of the Cu2+ ionlevel splitting in the 
rystal �elds of di�erent symme-try.Given the large tetragonal distortion of the oxygeno
tahedron, it may be assumed that the diagram of ionenergy levels, in our 
ase, is 
lose to a �at square dia-gram. If we assume that the 
rystal �eld splitting of theenergy levels Ed is 
omparable with the ex
hange �eldsplitting, then an unpaired ele
tron 
an be lo
ated at611 13*
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Fig. 6. Temperature dependen
e of the magneti
 sus
eptibility for CuNaB3O6 � 0:842H2O. Open 
ir
les represent experi-mental data, the dotted line is the �tting 
urve � = xC=T , dark 
ir
les show the di�eren
e of the experimental and �tting
urves. The solid 
urve is fun
tion (1), � = � exp(��=kBT ) + �0. The inset is a derivative of fun
tion (1) with respe
tto the temperature
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Fig. 7. a) Copper 
ations 
hains (large 
ir
les) in CuNaB3O6 � 0:842H2O. Small 
ir
les are 
oordination oxygen ions,b) oxygen o
tahedron612
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hemati
 representation of the linked 
hainsof 
opper 
ations forming a ladder. Lines show the90-degree ex
hange intera
tions, whi
h strength willbe evaluated in the text below
Cu2+1 2 3

Ed dx2�y2dxydz2dyzdxzDq0
Fig. 9. S
hemati
 diagram of the Cu2+ energy levels:1 � free 
ation, 2 � regular o
tahedron, 3 � �atsquare [19℄. Arrows represent the Cu2+ orbital popu-lationany of the top (dx2�y2 or dxy) orbitals in Fig. 9. Underthis assumption, there are three possibilities of indire
tex
hange intera
tion between the 
opper ions.The �rst one is when the dx2�y2 orbitals of all 
op-per ions are populated; the indire
t ex
hange intera
-tion model [20℄ then gives two values of the ex
hangeparameters in a ladder:J12;13;24;34(dx2�y2 ; dx2�y2) = +4b
J int � +9:3 Kfor the short axis of the o
tahedron, andJ14;23(dx2�y2 ; dx2�y2) < +2b
J int < +4:6 K for thelong axis of the o
tahedron.In the formulas, ex
hange indexes denote the num-ber of the magneti
 sublatti
e in a

ordan
e withFigs. 7 and 8, J int is the intra-atomi
 intera
tion inte-gral, b = 
2 is the ligand�
ation transport parameteron a �-bond, 
 is the ligand�
ation transport parameteron a �-bond, and 
 is the 
ovalen
y bond parameter.For the oxide 
ompounds with the ligand�
ation dis-tan
es about 2Å, b � 0:02, 
 � 0:01, and J int � 1 eV[20℄. Next to the formulas, estimations of the parame-ters of pair ex
hange intera
tion in Kelvins are given.It is 
lear that the positivity of all pair ex
hange inter-a
tions in this ladder leads to the ferromagneti
 ground

Table 3. Indire
t sublatti
e ex
hange intera
tions inCuNaB3O6 � 0:842H2OzJij , K 1 " 2 " 3 # 4 # Ee, K1 " 0 +7:0 +4.6 �35:6 192 " +7:0 0 �35:6 +4.6 193 # +4.6 �35:6 0 +7:0 194 # �35:6 +4.6 +7:0 0 19state of the system with the ex
hange �eld at a 
ationabout 12.5 K.The se
ond possibility is when the unpaired ele
-trons of all Cu2+ ions are lo
ated on dxy orbitals; as in�rst 
ase, we then obtain two values for the ex
hangeparameters:J12;13;24;34(dxy; dxy) = +(22=3)b
J int � +17 K forthe short axis of the o
tahedron, andJ14;23(dxy; dxy) < +2
2J int < +2:3 K for the longaxis of the o
tahedron.Again, we have a ferromagneti
 ground state with theex
hange �eld at a 
ation about 12.5 K.The third 
ase is where an unpaired ele
tron is lo-
ated on the dx2�y2 orbital of one Cu2+ ion and onthe dxy orbital of the neighboring Cu2+ ion; the spinordering in ladder is then governed by three ex
hangeparameters:J14;23 = �2b
(2U � (1=3)J int) � �35:6 K for theshort axis of the o
tahedron andJ12;34 < +
(b+ 
)J int < +3:5 K,J13;24 < +2b
J int < +4:6 K for the long axis of theo
tahedron.Here, U is the energy of the ligand�
ation ele
-tron ex
itation. Its value 
an be 2�6 eV in oxide 
om-pounds [20℄. In our 
al
ulations, U = 4 eV.In the third 
ase, intera
tions in the ladder 
an be
hara
terized by the ex
hange parameters for the four-sublatti
e system listed in Table 3.The arrows show the orientation of the sublatti
emagneti
 moments due to the existing ex
hange inter-a
tions. Frustrated intera
tions are shown with theitali
 font. In the last 
olumn, the ex
hange �elds a
t-ing on ea
h 
opper 
ation are given. Su
h an orbitalo

upation leads to orbital ordering.We note that the ex
hange �elds a
ting on the 
op-per 
ations in the 
ase of orbital ordering (
ase 3)(19 K) are greater than those in the �rst two 
ases(12 K). In a

ordan
e with the 
hoi
e of the lowest-energy ground state, the system would prefer the order-ing shown in Table 3. That is, ele
trons of neighboringCu2+ ions would be lo
ated on di�erent orbitals when613
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Fig. 10. Type of orbital ordering of the Cu2+ ladder in CuNaB3O6 �0:842H2O. The ion symbols are the same as in Fig. 7the energy of the ex
hange intera
tion Ee of the pairsof neighboring 
ations is 
omparable to the splitting Edof the dx2�y2 and dxy orbitals in the 
rystalline �eld.Hen
e, the strong pair antiferromagneti
 intera
tion(�36 K) together with the weak inter-pair intera
tion(+3.5 K and, in the frustrated 
ase, +4.6 K) are themain me
hanisms leading to the singlet ground state ofthe system. The proposed pi
ture of orbital orderingin the ladder is shown in Fig. 10.It is well known that ladder systems 
an have asinglet ground state without orbital ordering undersome 
ir
umstan
es, namely, for JNN < 4JNNN andJNN < 0, where JNN and JNNN are the nearest-neigh-bor and next-nearest-neighbor ex
hange intera
tions,respe
tively. In our 
ase (see 
ases 1 and 2), this is notsatis�ed however.The spin-Peierls transition temperature 
an be es-timated from the d�=dT 
urve, the inset in Fig. 6, as

TSP � 128 K. In addition to the formation of theground nonmagneti
 state, orbital ordering 
an alsolead to the doubling of the latti
e along the a axis atlow temperatures and to the stru
tural phase transitionat an in
reased temperature.4.1. Magneti
 resonan
eMagneti
 resonan
e spe
tra were 
olle
ted with aBruker Elexsys E580 (X-band) spe
trometer at temper-atures 110 K � T � 410 K with the 100 kHz modula-tion frequen
y. The sample 
ontained a set of randomlyoriented single 
rystals with a mass about 100 mg.The temperature evolution of the resonan
e spe
trais shown in Fig. 11.The spe
trum of a magneti
 resonan
e 
onsists ofseveral signals. The �rst is well observed at all temper-atures in the �eld about 3000 Oe and has the linewidth614
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e spe
tra in CuNaB3O6 � 0:842H2O
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Fig. 12. Temperature dependen
e of the integrated in-tensity of the signal in the �eld about 3000 Oeabout 300 Oe. The se
ond is broad at room tempera-tures and strongly 
hanges below T � 160 K.The �rst signal, in our opinion, belongs to an un-
ontrollable magneti
 impurity in the sample, be
auseits integrated intensity is two orders less than the basi
wide signal. Besides, the temperature dependen
e of
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Fig. 13. Computer simulation of the se
ond signal inthe CuNaB3O6 � 0:842H2O spe
trum. Points are theexperimental spe
trum, solid lines are as follows: 1,resultant signal, 2 and 3, modeling Lorentzian linesits integrated intensity (see Fig. 12) is typi
al for para-magnets and does not 
orrelate with the temperaturedependen
e of the magneti
 sus
eptibility of the entire615
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Fig. 14. Temperature dependen
e of a) the integrated intensities and b ) the amplitudes for lines 2 and 3 from Fig. 13sample (see Fig. 6). Apparently, the sharp in
rease inmagneti
 sus
eptibility at temperatures below 15 K isdue to the presen
e of impurities in the sample.Computer simulations showed that the se
-ond broad signal represents a superposition of twoLorentzian shape lines, as shown in Fig. 13.To 
on�rm the assumption about the singlet groundstate of the magneti
 system CuNaB3O6 � 0:842H2O,the temperature dependen
e (Fig. 14) of the integratedintensities of lines 2 and 3, de�ned as the produ
tA(T ) ��H2(T ), where A is the amplitude of the signaland �H is the line width (peak-to-peak), were 
al
u-lated.The integrated intensities of lines 2 and 3 rea
h amaximum at the respe
tive temperatures 300 K and250 K, and de
rease as the temperature de
reases.Both signals disappear at T < 100 K. Su
h behavioris typi
al of the system with the singlet S = 0 groundstate. The abrupt 
hange of the amplitude of line 2 atthe temperature T � 120 K is very pronoun
ed. Thistemperature is very 
lose to the spin-Peierls transitiontemperature TSP � 128 K estimated from the temper-ature dependen
e of the magneti
 sus
eptibility (seeabove). This anomalous behavior of the amplitude ofthe signal 
an, in our opinion, be an indi
ation of astru
tural phase transition in CuNaB3O6 �0:842H2O atT = TSP � 128 K. At present, it is not 
lear whethertwo signals are present in the magneti
 resonan
e spe
-trum.To 
he
k the existen
e of the stru
tural phase tran-sition, the spe
i�
 heat and Raman s
attering mea-surements were 
arried out in the temperature range

78 K < T < 300 K. We note that only a slight anomalywas observed in the spe
i�
 heat vs. temperature de-penden
e at T = 103 K, with no 
hanges in the Ramanspe
tra. It seems that the slight anomaly in the spe
i�
heat is too small and is not similar to those observed attypi
al stru
tural phase transitions. To 
larify this un-
ertainty, growing large single 
rystals of high qualityis in progress. 5. CONCLUSIONThe new 
ompound CuNaB3O6 � 0:842H2O wasgrown for the �rst time. Its spa
e group and atomi

oordinates were determined. It was proposed thatthe system undergoes a magneti
 phase transition ofthe spin-Peierls type to the singlet ground state atTSP � 128 K. The energy gap between the ground(S = 0) and exited (S = 1) states was determined as�=kB = 259 K. The existen
e of a stru
tural phasetransition at T = TSP � 128 K was suggested. In or-der to perform a detailed investigation, growing largehigh-quality 
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