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Magnetic ordering in the mixed-valence compoundB-Nag 33V ,05

A. N. Vasil'ev
M. V. Lomonosov Moscow State University, 119899 Moscow, Russia

V. I. Marchenko, A. I. Smirnov, and S. S. Sosin
P. L. Kapitza Institute for Physical Problems RAS, 117334 Moscow, Russia

H. Yamada and Y. Ueda
Institute for Solid State Physics, University of Tokyo, 7-22-1 Roppongi, Minato-ku, Tokyo 106, Japan
(Received 15 December 2000; published 1 October 001

The low-temperature electron spin resonafiE8R spectra and the static magnetization data obtained for
the stoichiometric single crystals g-Nay33V,05 indicate that this quasi-one-dimensional mixed-valence
compound demonstrates =22 K the phase transition into the canted antiferromagnetically ordered state.
The spontaneous magnetization of 840 2 ug per V** ion was found to be oriented along the twofdid
axis of the monoclinic structure, the vector of antiferromagnetism is aligned witta tieds and the Dzy-
aloshinsky vector is parallel to theaxis. The experimental data were successfully described in the frame of
the macroscopic spin dynamics and the following values for the macroscopic parameters of the spin system
were obtained: the Dzyaloshinsky fielt,=6 kOe and the energy gaps of two branches of the spin wave
spectrumA , /(27)=48 GHz andA,/(27)=24 GHz.
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. INTRODUCTION distance¥ and on NMR measurements?it was concluded
that in the high temperature pha$e- T, the donated elec-
The quasi-one-dimensional mixed-valence compoundrons are situated at the V1 sites, with one half of these sites
B-Nag 33V,05 exhibits various phase transitions of a consid-being V**. The recent NMR experiments on V idison-
erable interest-® Below 230 K the 21 crystal lattice  firm the charge ordering nature of the transitiomat T, and
superstructure appears, indicating probably the ordering dfeveal that the number of inequivalent V positions belbw
Na ions. AtT,=136 K this one-dimensional conductor ex- js increased. Two possible models of the charge ordering
hibits a metal-insulator phase transition of a charge ordering;jgzag and linear chains of4 ions) are proposed but the

type and aff=Ty=22 K the charge-ordered structure un- yact crystal structure in a low temperature phase is still
dergoes an antiferromagnetic phase transition. unknown.

T:;s behgworl Is to b;‘; (;\(l)rrs/p?)req W'tr%,tr;]atﬂ?f tlhetzt.quasr Hypothetical models of the magnetic structure with the
one-dimensional- maghek-iNavzts In whic € 1atlce, |calized electrons suggest that only one-sixth part of the V

charge and spin subsystems transform simuiltaneously. Thl ns has the magnetic moments and the magnetic subsystem

charge ordering in this related system causes the opening Q .
the spin gap in the spectrum of magnetic excitations and th?, B ":Ir?o-3t3v20?’t.apptea;i tol be strongly d'IUtet(.j' lﬁlever(:he- q
appearance of a nonmagnetic singlet stafe. ess, the transition 1o the fong-rangé magnetically ordere

The B-Na, 3,05 has the monoclinic structur€2/m state occurs at an appreciably high temperaﬁgezz _K.
(see Fig. 1 with the unit cell containing two NayO,s for- The aim of thg prgsent work was to study in detaﬂs_the
mula units. The sodium ions are located in the tunneldn@gnetic ordering in3-Nggs3V,0s by means of magnetic
formed by a V-O framework. The Naions occupy only one fésonance and static magnetization measurements.
of the two nearest-neighboring sitAsin the a-c plane. The
V-0 framework consists of the three distinct kinds of double
chains directed along tHe axis.® The V1-sites have a six-
fold octahedral coordination and form a zigzag chain of
edge-sharing V@ octahedra. The V2 sites with a similar
octahedral coordination form a two-leg ladder chain of
corner-sharing V@ octahedra, and the V3 sites, having a
fivefold square pyramidal coordination form a zigzag chain
of edge-sharing V@ pyramids.

The absence of the Knight shift in NMR experiments on
2Na nucle? shows that the outes-shell electrons of the
Na-ions are transferred into tldeshells of V ions. Therefore,
the V ions are in the mixed valence stateés"\and \P*. The
V#* jons are in a magneti8=1 state, while the ¥' ions
with  S=0 are nonmagnetic. Basing on interatomic FIG. 1. The crystal structure g8-Nag 33V,0s.
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FIG. 3. The magnetization curves &5 K. Inset: The orien-
tation of the Dzyaloshinsky vectat, hard, middle and easy axes
(see the textwith respect to crystallographic axes.

FIG. 2. The temperature dependences of the susceptibllity
for three principal orientations of the magnetic field.

Il. EXPERIMENTAL o , ,
tization with a weak ferromagnetic moment of about 3

The single crystals of a stoichiomet#zNg 33V,0s were  x 102 ug per V** ion.
grown by a self-flux technique using Na¥; as a flux. The The ESR absorption lines g8-Nay 33V,05 obtained as
crystals of a typical size 0.5 0.2 mn? were obtained by the field dependences of the signal transmitted through the
melting the mixture of one part of Naav,Os powder and resonator with the sample at various temperatures are shown
thirty parts(weight ratig of NaV;0g powder. The melting at in Fig. 4. In the paramagnetic stafat T>Ty) the ESR line
740°C and cooling down to 600 °C with a rate of 0.5°C/his observed at a slightly larger field than the DPPH reference
were performed in a vacuum. The flux was removed by di{g=2.0). Below Ty the ESR line rapidly shifts to lower
luted hydrochloric acid. The longest dimension of the rect-magnetic fields.
angular sample was aligned with theaxis, the middle di- The evolution of the ESR absorption with the frequency
mension was aligned with the axisl and the shortest atT=4.2 Kis illustrated in F|g 5. Up to four resonant lines
dimension, denoted below a$ was perpendicular to tHe-c marked by letters A, B, C, D were present in the absorption

plane. The crystallographia axis is directed at an angle of at Qiﬁerent frequencies and sample orientations. The' C and
18° with respect toa’ axis in thea’-c plane. The static D lines disappear above 10 K and could not be ascribed to

magnetization measurements were done by the Quantum Dgle ordered state, while the A and B lines exist in the whole
sign SQUID magnetometer. The magnetic resonance mea-

surements in the frequency range 18-80 GHz were per 42K
formed by the transmission type microwave spectrometer.v [« DPPH
The sample was put into the rectangular resonator having ;*\f——’"ﬁw 6.7 K
set of eigen-frequencies in this range. Y 10.8 K
The temperature dependences of the magnetization o\/
B-Nay 33V,05 sample measured along tag, b, andc axes [~ Y 14.3K
at the magnetic fieldtd=10 kOe are shown in Fig. 2. The 0 175K
change of the slope on these curve3 gt 136 K marks the N 19.5 K
metal-insulator transition associated with the charge redistri- 21.3K
bution between the vanadium sites. The sharp increase il v
magnetization is observed ATy .
The field dependences of magnetization measured alon 245K
thea’, b, andc axes atT=5 K are shown in Fig. 3. The ‘f
asymptotically linear behavior of thd (H) dependences in-
dicate the existence of the antiferromagnetic ordering. The T T

residual magnetizatiomM (H=0) for H|b [as well as the

) : . 5 10 15 20 25
anisotropic anomaly oM (T) curves afl = Ty] are the evi-
dence of a canting of the antiferromagnetic sublattices. The H (kOe)
nonlinear part of thé (H) curve atH||a’ should result from
a spin-reorientation process. The extrapolatiorvVidfH) to FIG. 4. The temperature evolution of the ESR absorption line

H=0 atH| b gives a finite value of the spontaneous magne-measured at the frequenéy=24 GHz H|b).
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FIG. 5. The ESR lines at different frequenciesTat4.2 K a Line B /
(HIb).
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60 T
temperature range belo¥ and thus, should be of an anti- - o er e
ferromagnetic type. 5
The magnetic resonance dataTat4.2 K are summa-
rized in Figs. §a)—6(c), in which the frequencies of the reso- 0

nant lines are plotted vs magnetic field oriented alongathe

b, and c axes, respectively. The spectrum of the magnetic
resonance in the ordered phase appears to be highly anisc £ .
tropic. It consists of two branches with the gaps of 48 and 24 T H b
GHz. The falling branch of the magnetic resonance spectrum 20 —————tlo—la b 1aa
atH||a’ and the drop to zero of its resonance frequency at 0 10 20 30 40 %0
H=6 kOe clearly indicate the spin-reorientation process H (kOe)

ended by a phase transition of the second kind. The charac
teristic feature of the field dependences of the resonance fre
quencies atH|a’ and HJ||b is the nonzero slope of both
branches. The smaller of these slopes reveals the existence ¢
canting of sublattices.

Ill. DISCUSSION

N L ]

The general form of the antiferromagnetic resonanceé 40 .
spectra and the magnetization curves prove the appearance (« - 1
the canted antiferromagnetic state #iNay 335,05 below

T<Ty. The detailed analysis given below will allow us to 20 |-
obtain its macroscopic parameters. L
Using the phenomenological appro&tive calculated the - Hic
field dependences of the static magnetization and the reso T
nance spectra of a canted antiferromagnet with two axes of 0 0 5 10 15 20 25

anisotropy for the various orientations of the magnetic field.
This macroscopic approach is based on the classical
Lagrange formalism and is the most adequate for calculating i, 6. The ESR spectra for three orientations of the magnetic
the resonance frequencies of low lying acoustic modes ifield atT=4.2 K. Symbols are the experimental détiosed ones
spin systems. It allows one to obtain analytical results foron the panel b represent the low intensity absorption ascribed to
complicated magnetic systenisee, e.g., Refs. 15-L7The  “negative” domaing. The dashed lines are drawn by formu{@s-
correspondence between the phenomenological parametg®) with A,/(27)=48 GHz, A,/(2w)=24 GHz and Hp

of the theory and the coefficients of the modeling spin=6 kOe; solid lines are the result of theoretical calculati¢sese
Hamiltonian may be found in the molecular field text) for “positive” domains, dashed-dotted lines are those for
approximationt® “negative” domains.

H (kOe)
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According to this approach the antiferromagnetic struc-Thus, eitherx or y should be parallel to the axis. Taking
ture is considered to be collinear in the exchange approximanis orientation for vectoy, we have also the vectorin the
tion, while the canting of sublattices and the anisotrdmth  a-c plane. We shall denote the angle between the vedtors
resulting from relativistic spin-orbital and magnetic dipole- andx as« (see the inset to Fig.)3This angle is not deter-
dipole interactionsare taken into account as perturbations.mined by the monoclinic symmetry and in principle may be
At low temperature the Lagrange function of a mole of suchgrbitrary.
an antiferromagnet may be represented in the form To describe the dynamical properties of the system one

should find the variation of the Lagrange functit by I:

XL s X ;
,C=2—L2(I—yl><H)2—7ld-(l—yl><H)—Ua, (1) e d oc
Y

@C:(H—&—i> ol. (4)
wherel is the unit vector along the usual antiferromagnetic J
vector,y, is the antiferromagnetic perpendicular susceptibil-Taking 8l= 561, wheres#6 is the vector of a small rotation,

ity (note, that the magnetic susceptibility parallel to the vec-we obtain the following system of nonlinear equations:

tor | vanishes at low temperatures in the exchange ) )

approximationt* see also Ref. 19 y is the magnetome-  IX{—T+2yIXH+ Y [HX (IXH)]+ y?Hxd—A2x(x-1)
chanical ratio(suggested to be equal to that of a magnetic V 2

ion y=gug/#), d is the Dzyaloshinsky vector giving rise to —A%y(y-D}=0, 5

the spontaneous magnetizatioh,= x, dX|, the vectord whereA2 ,= y2(8; ,/x,) are two independent phenomeno-
defines the direction of the spontaneous magnetization of Pgical pérameteré corresponding to two energy gaps of the
antiferromagnet with the weak ferromagnetism to be perpenspectrum. The linearized equations obtained from(Byby
dicular to both vectors andd and determines the canting eypanding in the vicinity of equilibrium give the resonance
angle of sublattices, the absolute value of vedt@ equal o gpectrum of the system. The magnetic moment of a unit vol-
the value of Dzyaloshinsky fieldJ, is the potential energy yme is much smaller than the magnetic field, therefore the
of the anisotropy taken as the quadratic form in the vektor gemagnetization effects are negligible and will not be con-

components sidered in the further analysis.
When the vectors andz are mutually perpendicular, i.e.,
UaZ&(X'UZJF&(Y")Z, (2)  ata=0 the resonant frequencies may be presented by simple
2 2 analytic expressions for three basic orientations of the mag-

netic field.

(1) H||z: in this case the spin reorientation occurs under
magnetic field. It is the continuous rotation of the vedtor
_the plane containing easy and middle axes. Two intervals of
&he magnetic field should be considered separately.

(@ H<H,: the equilibrium angle) betweenl and z is
determined by the condition

where 84,3, are positive constants of anisotropy, unit vec-
torsx andy determine two orthogonal directions in the crys-
tal. One of these two directiorisorresponding to the largest
coefficients;) should be the hard direction for the spin struc
ture, the other one should be the middle direction, the thir
orthogonal unit vectoz will be an easy axisthe direction of
the vectorl atH=0). The orientation of vectors, y, z, and

d with respect to the crystal ax@s b, andc is a priori not
known, except for the condition that one of the vectory, sing= ———, (6)
or z should be parallel to the twofold axis A2[?—H?

The total static magnetization of this system is whereH=|d|, A, is the smaller of the constants, ,. The

or rotation terminates aH=H_ determined by the relation
M= H =y, [H=I(I-H)+dXI]. (€] sing=1, whenl becomes perpendicular td.
The resonance frequencies and w, are the roots of the

The equilibrium value of the vectdris determined by biquadratic equation

minimizing the potential energy of the systef= — L(l (0?+A)(w?+B)—4y?H%co yw?=0, (7)

=0). The magnetic mome (H) measured in the experi- A . > 2.

ment is the projection ol ontoH. where  A=y*(H’cosy+HpH siny)—AP+Afsinfy, B
The crystal symmetry requires the spontaneous momerft (¥?H?A%)cos2y+yHpH siny, A; is the largest ot .

Mg, to be either parallel or perpendicular to the twofdid (b) H>H,:

axis. The static magnetization measurements confirm the first  , ., s o 2

orientation. At the same time the extrapolationMd{H) at w1=Af—Aj+yHHp,  w;=y"H(H+Hp)—Aj.

H||c to H=0 gives no net magnetic moment. In accordance ®

with formula(3) it means that the vector produtk | should () Hx:

be perpendicular tél in high fields. The only possibility to

satisfy this condition is to align vectar with the c axis. wf: 72H2+A§, w2=A§. 9)
The easy directiorz of a canted antiferromagnet should

be perpendicular tMg, and hence, lie in the-c plane. (3) Hly:
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w%: Aii v*HHp , w§= Agi Y*H(H+Hp). (10 remarkable feature—the low field nonlinear partentioned
in Sec. I) appearing due to the process of the continuous
The signs* correspond to the domains of positive and negapin reorientation.
tive directions of the spontaneous magnetization with respect The above approach to the description of the uniform
to the magnetic field. On increasing the field the negativanagnetic properties of a spin system is self-consistent and
domain disappears and the corresponding resonance line digees not require any suggestions except that the exchange
appears too according to our observations. structure of the system is not strongly distorted by relativistic
The resonance frequencies calculated by form@fs  interactions. To evaluate the exchange integral from our data
(10) are represented in Figs(e#—6(c) by dashed lines. For we will for simplicity neglect for the effect of zero point
an arbitrary value ofr (a#0) the equilibrium orientation of fluctuations® on the susceptibility of quasi'—one—dimensiona'l
| in magnetic field was found numericalffor three orienta- ~ System. In the molecular field approximation one can obtain
tions H|[a’, b, ¢) and then substituted to the expression forth€_intrachain exchange integral=(gug)Na/(4Ksx )
the magnetization and to the appropriate linearized equatioris 120 K which corresponds to the molecular field,
of motion. =1700 kOe. The approximate evaluation for the Neel tem-
Finding the antiferromagnetic susceptibility, ~3.2 perature _Of a qua3|-0ne-d|me_n5|onal ) annferromagiﬁgt
%102 emu/mol V** from the slope oM (H) curve atH]|c ~ \/E gives the value for the interchain exchange interac-

and varying the other four parameters Hp, A;, andA, tionJ, ~1 K.

one can fit the magnetization curves and the resonance spec- For anisotropy fieldsi,; andHa, corresponding to the

tra for all three orientations. The best fit to experimental datei’alues 1 we have the following estimationst

) =340 Oe,Hx,=85 Oe. From the value of Dzyaloshinsky
was obtained fora=18°, A,/(2mw)=48 GHz, A,/(2m) . e . A
—24 GHz, antHp=6 kOe. The values of energy gaps, field Hp=6 kOe we obtain that the spontaneous magnetiza

. ion Mgp=x, Hp=3.4x10"3 Vi hich is i
A, correspond to anisotropy constanfiy=1.1X10"* K gaglita?i%e)ggreDemint Wi?h thléBdgteaE of Rel?nzw e
per V** jon andB,=2.7x10"3 K per V** ion. The results o

of this fitting are shown in Figs. 3 and 6 by solid lines. The IV. CONCLUSIONS
determined value of=18° means that the easy direction of ) o
the spin systerz is near the crystallographic axis It should The magnetic resonance spectra and the magnetization

be noted that the resonance spectrurhiéa’ is very sensi- CUTVes obtained at low temperatures in the mixed valence
tive to the value ofx due to the effect of dynamic repulsion ¢harge  ordered  quasi-one-dimensional  compound
between two antiferromagnetic resonance branéhese in-  S-Nao.saV20s confirm the transition into the canted antifer-

tersection of the two branches may be observed at the exaf@Magnetic state. The easy direction of the spin system and
orientation of the field along the or y directions[it was the vector of the spontaneous magnetization are found to be

observed at|y, see Fig. &)]. The “repulsion” is clearly aIigngd with thea axis andb axis corrgspondingly. The Dzy-
seen in Fig. &) at H||a’ when the magnetic field appeared aloshlns_ky vector was found to b(_a dlr_ected aleraxis. The
to be tilted with respect ta. The relationA,;>A, indicates ~ hard axis O: the spin structure lies in tiaec plane at an
thatx is the hard axis anyg is the middle axis of the ordered angle of 18° with respect to axis, directionb is the middle

spin structure. The mismatch between the observed and cdiXis Of the spin anisotropy. The values of the intrachain and

culated resonance frequencies for the first branch in loW/térchain exchange integrals as well as the anisotropy fields
fields atH||b remains unclear. This deviation may probably 21d the Dzyaloshinsky field are obtained.
be associated with the coupling of the antiferromagnetic
resonance mode with some impurity mode. As described in
Sec. Il several modes which cannot be attributed to the anti- Authors thank H. Nojiri for cooperation in static magne-
ferromagnetic matrix are observed in our san(gke Fig. 5. tization measurements, L. A. Prozorova and V. D. Buchelni-
The magnetization is also described satisfactorilyHtic kov for valuable discussions. This work was supported by
and forH||b (except for the small low field region associated the Russian Fund for Basic Researches Grants Nos. 00-02-
with the poling. The agreement for the third orientation 17317 and 99-02-17828, INTAS Grant No. 99-0155, NWO
H||a’ appears to be only qualitative, but still covers the mostGrant No. 047-008-012, and CRDF Grant No. RP1-2097.
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