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We study the structural, magnetic, and resonance properties ofQ§Csingle crystals grown by
the spontaneous crystallization method. The data are interpreted on the assumption that the
crystalline structure of the grown single crystals is orthorhombic. Long-range antiferromagnetic
order sets in at temperatures below 22.5 K, while above this temperature the dependence

of the magnetic susceptibility has a shape characteristic of interacting antiferromagnetic
Heisenberg chains. We hypothesize that long-range magnetic order sets in below 22.5 K
through the destruction of the ideal ladder structure of LiGubecause of partial redistribution

of copper and lithium ions at the crystal lattice sites and because of the presence of other
defects in the crystalline structure. @398 American Institute of Physics.
[S1063-776(98)02105-2

1. INTRODUCTION be mixed, and amounted to about three to four hours. The

) ) o crystals were shiny black plates pccupying positions parallel
The discovery of highF; superconductivity initiated a 5 'the surface of the fusing agent.

new stage in studies of oxocuprates, which are not supercon- e crystals were drawn mechanically. The maximum
ductors but contain in their crystalline structure various frag-yimensions of the crystals produced in this way were
ments of Cu—O characteristic of high- superconductors. 3-by-4-by-1 mn? Prolonged storage in the open air was
The oxocuprates BCuO, and CuGe@, which were studied  ¢4n 1o lead to the formation of a mat coating on the crys-
earlier=% in their stoichiometric state contain only bivalent tal’'s surface.

ions C¢* in quadrant and octahedral oxygen surroundings, Earlier x-ray studies of the sampfeshowed that the

respectively. crystalline structure is orthorhombic with unit cell param-

The present paper is a first report on a study of magnetigiarsa=5.725 A b=2.857 A. andc=12.409 A. These pa-
and resonance properties of Li5kl, single crystals. In con-  ameters coincide with the data of Ref. 5.

trast to BpCuQ, and CuGeQ, which contain only bivalent Magnetic susceptibility was measured by vibrating-reed

copper ions, in the LiC4O, single crystal there are univalent gnq SQUID magnetometers in the temperature interval from
and bivalent copper ions. The magnetic?Cicopper ions in - 3099 K to 4.2 K.

this crystal are in pyrar_nidal oxygen surroundings. T_hese fea- |y our resonance measurements we used a magnetic-
tures determined our interest in studying the physical proprespnance spectrometer with a pulsed magnetic field with
erties of LICyO, single crystals. wavelength of 8 and 6 mm in the temperature interval from
300 K to 4.2 K. Magnetic resonance in the paramagnetic re-
gion was studied using an SE/X-2544 EPR spectrometer
2. SAMPLES AND THE EXPERIMENTAL METHOD with A =3 cm.
The LiCu,0, single crystals were grown by slowly cool-
ing the melt at a rate of 3-5 degrees per hour. The MiXtUrg§ ypERIMENTAL RESULTS
for the melt consisted of LCO; and CuO in a 1.2-to-1 ratio.
The mixture was placed in an alundum crucible, which in  Figure 1 depicts the temperature curves for the magnetic
turn was place inside a ZgCcrucible. The temperature re- susceptibility of LiCyO, measured in an 80-Oe magnetic
gime was chosen with allowance for dehydration of the refield along thec axis and along two mutually perpendicular
agents and for the decomposition of,CiO; in the heating  directions in theab plane. Estimates of the diamagnetic con-
process. The peak temperature of the melt was 1150 °C. Theibution and the Van Vleck susceptibility show that both
time during which the melt was exposed to the peak temeontributions are smaller than the measured values by a fac-
perature depended on the amount of mixture placed in thtor of ten.
crucible, the size of the crucible, the size of the grains, and The susceptibility along the axis is higher than in the
the extent to which the powders of the initial reagent couldother two directions over the entire temperature range. The
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high-temperature part of the reciprocal susceptibility is usedensity was found to diminish as the temperature was low-
to determine the values of the paramagneti@Nempera- ered still further. Below 15 K this resonance signal was not
tures in all three directions: detected.
_ _ a9 The angular curves for the EPR linewidth measured at

Oc=—47K  0,,=-50K, 0,,=-38K room temperature are depicted in Fig. 4. When the magnetic
These values are lower than the valBe= —75 K for poly-  field rotates in theab plane, the linewidth varies in sinusoi-
crystalline LiCyO, given in Ref. 6. The corresponding val- dally with a period of#/2. When the magnetic field rotates
ues of the effective magnetic moment are in a plane perpendicular to theb plane, the functionA

_ _ _ +B(1+cogd) provides a good description of the angular

pe=20lue,  p11=183us.  po=170us, dependence oAH, with the fitting parameteré andB de-
which are close to the theoretical value of Jug3for C¥*.  pending on the orientation of this plane in relation to the

Figure 2 depicts the field curves for magnetization meacrystallographic axes in theb plane.
sured at 4.2 K along the axis and along two mutually per- The temperature curves for EPR fields with both field
pendicular directions in thab plane. All three curves rep- orientations are depicted in Fig. 5. Figure 6 depicts the an-
resent a linear dependence up to 15kOe. No residugjular curves for the factors measured at room temperature.
magnetic moment or hysteresis phenomena were detectedfFor H||c we haveg.=2.225, while in theab plane theg

The results of studies of the temperature dependence @éctor slowly varies sinusoidally with a period af/2 and
the EPR linewidth for three orientations of the magnetic fieldextremal values 2.00 and 1.95.
(along thec axis and in theab plang are depicted in Fig. 3. Figure 7 depicts the frequency vs. field dependence of
As the temperature lowers, the EPR linewidth sharply in-magnetic resonance, measured Tat4.2 K in Hllc. The
creases ag approached =30 K. Below this temperature, dashed straight line shows the linear dependemeeyH,
no EPR signal was detected with the magnetic field directegyherey corresponds to the valug measured at room tem-
along thec axis. When the field was parallel to thd plane,
below T=30 K we observed resonant absorption, whose in-
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FIG. 3. Temperature curves for the EPR linewidth in LjOy at

FIG. 2. Field curves for the magnetization of Ligl, at T=4.2 K: O— v=9.4 GHz: 1—field H is parallel to theab plane, 2—H||c. The solid
Hllc, andO andA—H.Lc. curves represent the results of power-law calculations.
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FIG. 4. Angular curves for the EPR linewidth in LigD, at room tempera-
ture atr=9.4 GHz.

perature. The frequency vs. field dependence has a gap an
described by the polynomial

v=v.+aH+bH? (1)
where v,=29.83 GHz, a=0.5754 GHz kOg!, and
b=0.0265 GHz kOe?. Note that the frequency vs. field de-
pendence does not asymptotically approach the linear depe
dencev= yH as the field becomes stronger; it intersects thi
linear dependence &t=13 kOe.

We measured the temperature behavior of the resonanc¢

fields in H||c at two frequencies, 44.61 and 46.27 GHz. Un-
der the assumption that the coefficieatandb in Eq. (1) are

temperature-independent, we calculated the temperature d

pendence of. (Fig. 8). According to this dependence, the
ve (T) curve is approximately equal to zero B&=23 K.

Figure 9 depicts the results of measuring the angula

curves for the resonance field when the magnetic field i
rotated in two mutually perpendicular planes containingche

axis. Within experimental error, both curves coincide. For

the magnetic field in thab plane the resonance field sharply
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FIG. 6. Angular curves for thg factor of LiCu,O, at room temperature and
v=9.4 GHz.

4. DISCUSSION

The crystalline structure of LiG®, was determined by
Hibble et al® by the x-ray method. They interpreted the
structure LICyO, as tetragonal with the space group
P4,/nmcanda=>5.714 Aandc=12.401 A. Later, however,
Bergeret al® interpreted the crystalline structure of LigDy

s orthorhombic with the space grolfmma and the unit
call parametera=5.72 A, b=2.86 A, andc=12.4 A. They
explain why Hibbleet al® inferred tetrahedral symmetry in
LiCu,0O, by pointing out thata=2b, so that there is crystal
twinning, and this causes the x-ray spectra to have quasitet-
ragonal symmetry. In Ref. 6 it was assumed that depending
on the rate of melt cooling and other conditions of synthesis,
the crystal symmetry may be either tetragonal or orthorhom-
Bic. Thus, the difference in determining the space group of
the LiCu,0O, crystal may be due to the different origin of the
sgmples.

The crystalline structure of LiG®, with orthorhombic
symmetry is depicted in Fig. 10a. The €uions are at the
téz_ise of the pyramid consisting of oxygen ions and are con-
nected into chains along the axisof the crystal. The mag-
netic structure of LiCsO, in this case is formed by two
exchange-coupled chains of €uions oriented along thb

re. . ) . .
axis of the crystal and belonging to two neighboring atomic
planes that are perpendicular to theaxis of the crystal.
These planes form a layer in which the adjacent exchange-
coupled pairs of chains consisting of copper ions are far from

increases, which made it impossible to measure the fre-

guency vs. field dependence for this orientation.
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FIG. 5. Temperature curves for the EPR field in LjOd at v=9.4 GHz:
1—H|jab, and2—H||c.

v. GHz

|

40k

10 15 20 H,kOe
FIG. 7. Frequency vs. field dependence of the AFMR signal in L@ at
T=4.2K in H|c. The solid curve represents the theoretical curve corre-

sponding to Eq(1).
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FIG. 8. Temperature curve for the AFMR gap in Liy: O—v

—44.61 GHz, and®—v—=46.27 GHz. FIG. 9. Angular curves for the resonance field of the AFMR signal in

LiCu,0, atT=4.2 K andv=41.62 GHz. The datd and2 were obtained as
a result of rotating the sample in two mutually perpendicular planes con-
taining thec axis of the crystal.

each other and are separated by chains consisting of lithium

ions also oriented along tHe axis. Each layer is separated

from a neighboring layer of the same kind by a plane con4on copper chains are perpendicular to each other. In this
taining nonmagnetic Cuions. Thus, we have described a case the magnetic structure is not a ladder one; more likely,
magnetic structure consisting of isolated pairs of exchangeit forms a two-dimensional system that is a bulk “lattice” of
coupled chains of Gl ions, with a fragment shown in Fig. exchange-coupled chains consisting of neighboring atomic
10b. planes.

Such magnetic structures are known in the literature as Thus, depending on the type of structyoethorhombic
ladder system§.and lately there has been an upsurge of in-or tetragonal and the strength of the exchange coupling be-
terest in these structures. A ladder system consisting of twtween the chains, LiG®, can be in the form of the follow-
chains, or a two-leg ladder, is described by two exchangéng magnetic structures: noninteracting magnetic chains,
interactions, the intrachain interaction and the interchain inexchange-coupled pairs of magnetic chains, or a two-
teraction. In our case, as Fig. 10b clearly shows, we mustimensional magnetic structure consisting of two neighbor-
introduce three exchange interactions to describe the magng atomic planes with the chains in these planes perpendicu-
netic structure. A similar structure was observed in thear to each other.

KCuCl, crystal by Tanakaet al.® who found that such a Since x-ray studies of our samples of Lty con-
magnetic structure is a ladder system. firmed the orthorhombic symmetry of the crystal, below we

If there is twinning of the orthorhombic crystal, the crys- discuss the various magnetic structures that can arise in this
tal becomes divided into domains in such a way that incase.
neighboring domains the crystallograpliicaxes are turned As shown in Refs. 7-10, the ground state of a ladder
through 90° in relation to each other. However, in this casesystem withS=1/2 is nonmagnetic and is characterized by
too the magnetic structure within a single domain is a laddean energy gap between the ground and excited magnetic
one. Since in crystal twinning the domains are usually macstates. The presence of such a gap leads to a situation in
roscopic, the magnetic structure of the crystal as a whole cawhich the magnetic susceptibility drops exponentially to zero
also be considered a ladder system. as the temperature falls below a certain critical value.

When the symmetry is tetragonal, the crystalline struc-  The temperature curves for the susceptibility depicted in
ture of LiCu,0, proposed by Hibblet al® differs from the  Fig. 1 do not exhibit the low-temperature exponential drop
orthorhombic in that in two neighboring atomic planes thecharacteristic of ladder systems. More than that, the peaks in

e Li
o) Cu2+

FIG. 10. (@ The crystalline structure of
LiCu,O, with orthorhombic symmetryaccord-

ing to the data of Ref.)5(b) A fragment of the

crystalline structure of LiC40O, illustrating ex-

change interactions.
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the first temperature derivatives for all three direction of thechains via the Cti" ions that have occupied the positions of
magnetic field al =22.5 K (the inset in Fig. 1suggest that |ithium ions. When the number of such copper ions is suffi-
long-range magnetic order §ets in below this temperaturesiently large, long-range magnetic order of théeNeype
which is assumed to be the bletemperaturely. Presum- may set in at a finite temperature in the crystagnd the

ably, the existence of long-range magnetic order is also sugemperature curve for magnetic susceptibility is described by
ported by the presence of a gap in the magnetic resonangge theoretical curve for interacting chains. Here by ex-
spectrum at temperatures below 22.8Fgs. 7 and 8 The  change interaction between chains we mean an average value
presence of magnetic order in the crystal suggests that thees the exchange interactions between chains within a two-leg
is no need to examine in detail the case of noninteractingadder and the interaction between ladder pairs via the cop-
magnetic chains. per ions introduced into the lithium chains.

Strictly speaking, the absence of an exponential drop in  Another fact that speaks in favor of partial redistribution
susceptibility makes it impossible to reject with certainty theof copper and lithium ions in LiCiD, is that after hardening
ladder nature of the magnetic structure of LjCy. Fuku-  the samples from high temperatures, the resonance and mag-
yamaet al!! studied the ladder system Sry and found netic properties undergo a considerable chaageshown by
that zinc ion impurities and, probably, other structural de-preliminary measurementHere we have not excluded the
fects can give rise to a magnetic phase and, at sufficientlpossibility that the redistribution of cations may lead to for-
high concentrations of such defects, to the formation of anation of a tetragonal phase. The problem of how heat treat-
Neel state. According to Watanale¢ al.'° strong anisotropy ment affects the structural and magnetic properties of
of the exchange interaction in a chain can also lead to suchlaCu,O, requires a special study.
state. We cannot exclude the possibility that conduction elec-

The presence of a broad maximum in the temperaturérons also participate in the formation of long-range mag-
curve for the susceptibility and the inequalifiy/T,max  Netic order in LiCyO,. Most likely, the presence of copper
=0.59<1 indicate that the magnetic structure of LiQy is  ions with different valencies leads to a situation in which the
low-dimensional, with the antiferromagnetic interaction in aelectrical resistivity of LiCyO, at room temperature is
chain realized through a 90° bond. This situation is encounroughly 1¢—10*Q cm, which is smaller by several orders of
tered in oxocuprates and, in particular, in CuGe@ was  magnitude than in CuGe{or Bi,CuG;.
given a theoretical basis by Geertsma and Khorigkii. The frequency vs. field dependence of magnetic reso-

Figure 1 depicts the theoretical temperature curves fonance at low temperatures and, in particular, the presence of
the susceptibility calculated in the two- and one-dimensionah gap in the magnetic excitation spectréfig. 7) and the
Bonner—Fisher models for planes and interacting antiferrotemperature dependence of this g&jg. 8) also suggest that
magnetic Heisenberg chaifis** Figure 1 also depicts the antiferromagnetic order sets in at temperatures lower than
theoretical temperature curve for the magnetic susceptibilit22.5 K. However, the gap in the AFMR spectrum is ex-
of an alternatingly spaced magnetic chain, whose behavior igemely narrow for orthorhombic antiferromagnets. As is
similar to that of a ladder systeti.The best agreement with well known 8 the size of the gap in the AFMR spectrum for
experiment is achieved for a system of interacting antiferroan orthorhombic antiferromagnet is given by the following
magnetic chains withl;=—31.5 K and|J,|=0.06 K with  expression:
the external magnetic field parallel to thec axis (hereJ;
andJ, are the intra- and interchain exchange integralte ve=yV2HgH,,
value of the intrachain exchange interactidp estimated
from the relationT .= 1.32J,|S(S+1) (see Ref. 15 is  whereHg is the exchange field, and, depending on the ori-
|[J:|=39.6 K. entation of the external magnetic field with respect to the

A comparison of the theoretical and experimental curvesrystallographic axisH; is one of the two effective fields
suggests that the magnetic structure in LiOypis quasi-one- H,; andH,, describing the anisotropy of a biaxial antifer-
dimensional. The absence of an exponential decay in suscefpmagnet or the difference of these fields. A possible situa-
tibility to zero (a decay characteristic of ladder systerims  tion (at least in principlgis whenH,; andH,, are close in
this case is probably due to the presence of defects in thealue and their difference determines a small value of the
sample, which destroy the purely ladder state. energy gap. But in this case, too, the absence of significant

The crystalline structure of LiG®D, shows that the i ~ anomalies in the field curves for magnetization in a field
and C@" ions have the same pyramidal oxygen surroundH.= 2HgH,~11.8 kOe due to a spin-flop transition re-
ings. This probably facilitates the situation in which in somemains unexplained.
of the lithium and bivalent copper ions change places. The On the other hand, the frequency vs. field dependence
possibility of such redistribution is corroborated, for in- does not approach the linear dependeneeyH asymptoti-
stance, by the fact that doping Cub®@; with lithium ions  cally as the magnetic field strength grows, as was to be ex-
leads to a uniform distribution of the impurity ions among pected in orthorhombic antiferromagnets, but intersects it. A
the Cu and Mg position¥, while in LiCuyO5 the Li and Cu  frequency vs. field dependence of this kind can be observed,
ions are distributed among equivalent positions statisti€ally.for instance, in antiferromagnets with a trianguiaoncol-

On the one hand, such redistribution of ions violates thdinean magnetic structur&®
homogeneity of the ladder structure but, on the other, an When the external magnetic field was at right angles to
exchange coupling develops between isolated ladder pairs tiie ¢ axis of the crystal, we were unable to measure the
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frequency vs. field dependence at frequencies above 37 GHamples is orthorhombi¢the space grougfPnma. In an
because of a sharp increase in the resonance field. Howevédgeal crystalline structure of LiG®D, the positions of the
on the basis of the angular dependence of the resonance fiedtbms predetermine a magnetic structure of a two-leg ladder.
of AFMR (Fig. 9 it can be assumed that the external mag-However, defects in the crystalline structure, among which
netic field deviates from the axis of the crystal, the gap in the most probable are the partial redistribution of copper and
the AFMR spectrum diminishes and the slope of the fredithium ions C#* and Li* in chains and the oxygen nons-
guency vs. field curve decreases. toichiometry, destroy the singlet state state characteristic

It is quite possible that all the unusual properties ofof ladder systems with spi®=1/2) and introduce long-
AFMR are due to the formation of a noncollinear magneticrange magnetic order in the system.
structure forT<Ty . Such a structure may develop because  The authors are grateful to K. S. Aleksandrov and O. A.
of frustration of the exchange interaction in the triangularBayukov for useful discussions in the course of writing the
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