PHYSICAL REVIEW B 68, 214421 (2003

Magnetic properties of CusGezO,4xH,0 (x=0-6): A compound of S=1/2 Heisenberg competing
antiferromagnetic chains coupled by interchain interaction
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We studied magnetic properties of powder samples @f3840,5-xH,0 (x=0-6). Susceptibility above the
antiferromagnetic(AF) transition temperature T{) agrees with susceptibility obtained from the one-
dimensional Heisenber§=1/2 model with competing AF interactions. Since the estimated (at27—0.31
between nearest-neighbor and next-nearest-neighbor AF exchange interactions is close to a critical value
(0.24-0.30 which determines whether a spin gap exists or not, the spin system g8efDygxH,0 is
probably located near a boundary between spin systems with gapless and gapped magnetic excitation. The
value of Ty /Tmax, WhereT, . is the temperature at which the susceptibility is maximum, shows a unique
dependence or. We speculate that a spin gap due to competing AF interactions exists B64 and that
magnetic excitation is gaplessat1.54, explaining qualitatively the dependencel®f/ T ., On X.
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. INTRODUCTION eral cuprates having spiral or zigzag chains of Cions. In
this paper, we will report magnetic properties of
Magnetic properties of low-dimensional quantum spinCusGe;0,5-xH,0 (x=0-6). This cuprate has spiral chains
systems depend on strongly a value of s@#), (the number  of C/?* ions and the chains are coupled to one another by
of exchange interactions per spin, and relative magnitudénterchain exchange interaction. In fact, we knew that mag-
among exchange interactions, and interesting phenomerietic properties of isostructural §8igO;¢-xH,O had already
such as the spin-Peier(SP transition; the Haldane gap, been investigated when we started to study
and a spin gap in th&= 1/2 two-leg-ladder systefrappear  Cu,Ge;0,4xH,0. An antiferromagnetic long-range order
in some conditions. Discovery of a model compound includ-(AFLRO) instead of a spin-singlet ground state appears be-
ing an interesting spin system expands experimental studigsw an AF transition temperature 6fy=15.5-15.9 K in
on the spin system, which stimulates further theoretical inCy;Sig0,46H,0.21?2 There is a broad maximum around
terest. For example, after the observation of the SP transitiom _ ~45 and 110 K in magnetic susceptibility of
in CuGeQ,* many works on this cuprate and the SP transi-Cuy,Siz0,4-xH,0 with x=6 and 0, respectivel??3 How-
tion have been carried ott'’ This leads to further under- ever, we determined to study Be,O;5xH,O, because
standing of the SP system and quantum spin systems.  compounds having the same crystal structures do not show
The one-dimensional Heisenbe$g: 1/2 model with com-  necessarily the same magnetic properties. For example,
peting antiferromagnetic(AF) interactions (competing CuGeQ with the space grouPmma(No. 51) exhibits the
mode) is one of intriguing spin systems. The Hamiltonian of Sp transition, while CuSiQwith the same structuf&exhib-
this model is expressed as its an AF transition instead of the SP transitfoms a resullt,
we found that susceptibility of GGe;0,5-XH,O aboveTy
N was consistent with susceptibility obtained from the compet-
H=32 (S:S+1+aS-S.o). (1) ing model, although an AF transition occurred at low tem-
=t peratures. Beside, we obtained an experimental result sug-
esting existence of a spin gap, although we could not prove

A spin gap opens between spin singlet ground and excitegxistence of a spin gap due to an AF transition.

states when « exceeds a critical value of
a=0.24-0.30>18-2Therefore, a quantum phase transition
occurs ata.. Considering the above-mentioned spin sys- Il. CRYSTAL STRUCTURE AND SPIN SYSTEM
tems, we can expect thafc a moqlel compound in which a spin OF CugGe;01g-xH,0
gap is formed by competing AF interactions advances studies
of the competing model. Such a compound, however, has not CusGe;01gxH,O was first synthesized by Brandt and
been found yet and therefore is desired. It is known that ther®tto™ and was shown to have the same structure as that of
exist nearest-neighbor and next-nearest-neighbor AF intera&UsSisO16H,0, a natural mineral called diopta¥eThe
tions in spin chains in the SP CuGgd™ and there are space group of these cupratesid (No. 148. The value of
reports that the value otx in CuGeQ is larger than xcan be changed in the range of 6 to O without change in the
a0 However, since the SP transition occurs at lowcrystal structure by choosing conditions of thermal treatment
temperatures, the spin gap in CuGe®not caused solely by below 823 K?282°0n the other hand, these cuprates are
the competing AF interactions. transformed into SP CuGeOor CuSiGQ, with the space

In order to find a model compound possessing a spin gagroup of Pmma(No. 51) at high temperature$:2®
due to competing AF interactions, we have investigated sev- Localized spins exist only on Gt ions (S=1/2) and
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FIG. 2. Dependence of lattice parameters ofGeO;gxH,0
onx. Closed and open circles indicate the data obtained in this work
and from Ref. 26, respectively.

able to ignore exchange interactiody) in the next-nearest-
neighbor Cu-Cu bond in the chaidotted bars in Fig. (b)]
through a Cu-@)-O(2)-Cu path. The next-nearest-neighbor
Cu-Cu bond in the chain corresponds to the fourth-nearest-
neighbor(4NN) Cu-Cu bond in the whole crystal.

FIG. 1. (a) Schematic drawing of Cu-ion positions Q) in .The spin system IS ;hown S.Chematlca"y in Figh)1The
CUsMO1XH,0 (M=Ge or Si:x=0-6). Thin and bold bars in- SPIN sy_stem in thg splral chains carl _be expressed by the
dicate the INN and 2NN Cu-Cu bonds. Each spiral chaiy., ~COMPeting model il is AF. Each Ca ion has one 1NN
chain A) formed by 2NN bonds has three nearest-neighbor chain§0nd and a spiral chaife.g., chain A is connected to three
(e.g., chains B1, B2, and B3(b) An illustration of the spin system Nearest-neighbor chairishains B1, B2, and B3y the 1NN
in CugGe;0,gxH,0. The one-dimensional Heisenbe®@=1/2 bonds. A circle indicated by iBmeans a Cti" ion in a chain
model with competing AF interactions can be formed in the spiralBi. A Cu?" ion connected to every third €t ion in the
chain by the 2NN and 4NN bonds indicated by bold solid andchain A belongs to one chaini B
dotted bars whose exchange interactions are expressgdadJ,,
respectively. Each Ci ion has one 1NN bond, and a €uion

represented by B(i=1-3), which is connected to every third . EXPERIMENTS
CW" ion in the spiral chain A by the exchange interaction in the
1NN bond ), belongs to one spiral chaini B Crystalline powder of C4Ge;0,56H,0 was synthesized

by reaction of coppéll ) acetatd Cu(CH;COO),| and GeQ

their positions are shown schematically in Figa)l In the  in an aqueous solutioff. Samples withx<<6 were obtained
case ofx=6, an octahedron surrounding a Cu atom isby thermal treatment at 423 to 823 K in air. Valuesxafiere
formed by two @2), two O(3), and two @4) atoms, where estimated by measuring the weights of samples before and
the O4) atoms are apical oxygen and correspond to oxygemfter thermal treatment. Water is not removed when the tem-
of water molecules. From Cu-O distances which will beperature of the thermal treatment is lower than 373 K. Be-
shown in Table Il later, we know that localized spins exist insides, once water has been removed, rehydration is impos-
dy2_y2 orbits extending towards @) and Q3). sible under ambient conditio8. Therefore, the water

Next, we consider exchange interactions between spins orontent was unchanged during our x-ray diffraction and mag-
CU¥" ions that determine magnetic properties of netic susceptibility measurements. We obtained x-ray diffrac-
CusGe;0,5xH,0. In the case ok=6, the distances be- tion patterns at room temperature. As shown in FigaZ2,
tween two Cd" ions are 2.96 and 3.27 A for the first- increases and decreases monotonically with increasexin
nearest-neighbdLNN; thin solid bars in Figs.(®) and 1b)] Structure parameters were refined by the Rietveld method
and second-nearest-neight@NN; bold solid bars Cu-Cu  from the x-ray diffraction data using th@ETAN prograni®
bonds, respectively, while the distance is 4.93 A for theand are summarized in Tables | and Il. X-ray diffraction
third-nearest-neighbor bond and is greater than the aboveatterns of samples witk=0 and 6 at 8.5 K were also
two distances. Therefore, exchange interactions in the 1NNbtained and were identical with those at room temperature.
and 2NN Cu-Cu bondsJg and J,) should be taken into Magnetic susceptibility was measured using a superconduct-
account. From the Cu-O-Cu angles shown in Table Il laterjng quantum interference device magnetomé&eiantum de-
J, is positive(AF) and the magnitude ¥, is larger than that sign MPMSXL). Electron spin resonancéeSR measure-
of J;. It has been shown thak, is AF andJ; is negative ments were performed by axband spectrometefJEOL-
(ferromagnetic; F by measurements of magnetic Bragg JES-RE3X at room temperature with a typical resonance
peaks belowTy in CugSigO;5-XxH,O with x=6 and 0?2  frequency of 9.46 GHz. The gyromagnetic ratio ofCu(g)
Each Cu has two 2NN bonds and spiral chains are formed big 2.08 or 2.07 for the powder sample witl+6 or 0. Be-
the 2NN bonds. Because of the spiral chains, we may not bsides, we confirmed that gde;0,5-XH,0 is an insulator.
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TABLE . Atomic coordinates and isotropic displacement parameBeys(A?) for CusGe;0;4-xH,0.
Estimated standard deviations are shown in parentheses. All the atoms have fully occup)esité8(of the

space grou;R?(No. 148. Lattice parametera andc, and agreement factors are also shown in this table.

SomeBjs,'s became negative when they were treated as free parameters. In this c&g sheere fixed to
1 (Biso=1 without a standard deviation in this taple

Atom X y z Bso (A?)
x=0 a=14.8821(5) A c=7.9754(2) A
Cu 0.41085) 0.401Q4) 0.05328) 0.802)
Ge 0.17983) 0.21863) 0.03777) 0.6(1)
o(1) 0.0782) 0.1832) 0.9052) 0.96)
0(2) 0.2892) 0.2992) 0.9303) 0.7(6)
0(3) 0.1622) 0.28011) 0.2092) 1
x=1.54 a=14.9159(7) A €c=7.9684(3) A
Cu 0.41085) 0.402G4) 0.05477) 0.91)
Ge 0.179%3) 0.21933) 0.03786) 0.91)
0(1) 0.0742) 0.1812) 0.9052) 0.8(5)
0(2) 0.2902) 0.2992) 0.9263) 1
0(3) 0.1612) 0.28011) 0.2082) 0.95)
O(4) water 0.1519) 0.1868) 0.541) 8(4)
x=2.24 a=14.9305(7) A c=7.9656(3) A
Cu 0.41085) 0.40234) 0.054Q7) 1.0(1)
Ge 0.17983) 0.220G3) 0.03796) 1.0(1)
0o(1) 0.0752) 0.181(2) 0.901(2) 0.95)
0(2) 0.291(2) 0.3002) 0.9283) 1
0(3) 0.1632) 0.2821) 0.2082) 0.7(5)
O(4) water 0.15%6) 0.1795) 0.5647) 6(2)
x=6 a=15.0290(6) A c=7.9507(2) A
Cu 0.40894) 0.40413) 0.05787) 0.8(1)
Ge 0.179%3) 0.22013) 0.039@6) 1.0(1)
0o(1) 0.0732) 0.1792) 0.89712) 1
0(2) 0.2882) 0.3002) 0.9302) 1.0(5)
003 0.1622) 0.2791) 0.2072) 1
O(4) water 0.148) 0.1782) 0.5712) 3.56)
X Rwe Rp Re R Rr
0 0.0450 0.0334 0.0266 0.0227 0.0156
1.54 0.0393 0.0308 0.0299 0.0239 0.0163
2.24 0.0405 0.0321 0.0299 0.0218 0.0149
6 0.0402 0.0319 0.0274 0.0210 0.0130

IV. RESULTS AND DISCUSSION peratures. We fitte€/(T+ ) + xo to susceptibility below 6

Figure 3 shows temperatuf@&) dependence of magnetic K. Sincg .theT range used in this fitting was very narrow,
susceptibility y(T) of CusGe,055-xH,0 measured in mag- susceptibility of C@G%Olg-.XHZQ was assumed to bEin-
netic fields ofH=0.1 T. In y(T) of the sample withx=6, dependent and was contained in Thendependent termy.
we can see a broad maximum aroufigl,,=100 K. The In the sample wittk=6, for example, we estimatelto be
value of T, increases with a decreasexirThe broad maxi-  2-41 K and estimated the ratip) of spins contributing to the
mum indicates that GiM O;g-xH,O (M =Ge or S) can be Curie-Weiss term to be 2.6710 2 from the Curie constant
classified as low-dimensional antiferromagnets. This is conC- Similar values off andp were obtained in other samples.
sistent with the above-mentioned notion that the spin systerth Fig. 3, (1/1=p)[x(T) —C/(T+ 6)] of the sample withx
consists of spiral chains coupled by the interchain exchange 6 is also shown by a dotted curve. It should be noted that
interaction. A Curie-Weiss term is seenyT) at low tem-  the Curie-Weiss term hardly affects the determination of
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TABLE II. Interatomic distances and angles in @e;0,g-xH,0. The spin system having the exchange
interactions between spins in the 2NN and 4NN bonds corresponds to the competing model.

x=0 1.54 2.24 6
Cu-Q2) (A) 1.95, 1.96 1.91, 1.97 1.93, 1.95 1.97, 1.99
Cu-Q3) (A) 1.90, 1.96 1.88, 1.97 1.91,1.94 1.94, 1.97
Cu-Q4) (R) 2.41, 2.68 2.53, 2.57 2.58, 2.65
Cu—Cu(INN) (A) 2.94 2.93 2.93 2.96
Cu—Cu(2NN) (A) 3.26 3.26 3.27 3.27
Cu—Cu(4NN) (A) 5.64 5.64 5.64 5.64
0(2)-0(2) (4NN) (A) 2.86 2.85 2.84 2.86
Cu-Q(3)—Cu (1NN) 99.33° 99.18° 99.02° 98.45°
Cu-O(2)—Cu (2NN) 112.45° 114.36° 114.53° 111.49°

TmaxandTy, and comparison between experimental and thewe can say that these curves are similar to one another and
oretical susceptibilities in Fig. 4. The inset of Fig. 3 showsshow no systematic change as a functionxofHere, we
derivative curvegdy(T)/dT]. In dy(T)/dT of the sample compare these curves with theoretical ones obtained from the
with x=6 or 0, there is one clear peak at 38.5 or 73.5 K,competing model whose Hamiltonian in the notation of this
which indicates phase transition to the AF long-range orderaper is
There is one transition in samples except forl_.54,_ as CuGe O -xHO
shown below. In the sample with=1.54, the peak is widely 012 rrs b 6718 2
broadened and therefore it is considered that two transitions
overlap each other between 35 and 66'K.

We assumed that the orbital part of susceptibility was 1
X 10”4 emu/Cu mol and subtracted that part from the experi-
mental susceptibility. The remaining susceptibility is defined
as xspilT) and xgpi(T) Trax is plotted as a function of
TI/Tnax in Fig. 4a). Taking experimental errors into account,

(@)

. Cu 6Ge 6O 18-xH20

Xein(DT . (K emu/Cu mol)

S
~

FIG. 4. (@) xXspirT) Trmax VErsusT/Tpa,, where xg,i{T) is de-
fined asy(T)—1X10"* (emu/Cu mol. Each curve in this figure
L corresponds to the curve with the same symbols as in Fig. 3. The
00' " '1(')0' — '2(')0' T 300 inset shows the competing modekb) The experimental
Temperature (K) Xspil T) Tmax CUrve in the sample witx=6 (®) and theoretical
ones obtained from the competing model. The parametersrare
FIG. 3. Temperature dependence of magnetic susceptibility=0 (< ; the Bonner-Fisher curyea=0.20 (0), «=0.27 (©O),
x(T) of CusGe;0,4-xH,0. The values ok are 6 @), 5.43 ©O), and @=0.30 (A). Theg value determined by EPR measurements
3.95 (@), 2.90 @), 2.24 (A), 1.54 (1), 1.08 (¢), 0.80 (©), is 2.08. The vertical dashed line indicates the positiom efT ay-
and 0 (V) from the upper to lower solid curves. The dotted curve (c) The experimentalys,i(T) Tmax CUrve in the sample withx
represents (1A p)[x(T)—C/(T+ 6)] of the sample withx=6. =0 (@) and theoretical ones obtained from the competing model.
The inset showsly(T)/dT curves of the samples witk=6, 1.54, The parameters aree=0 (< ; the Bonner-Fisher curye «
and 0. One division of the vertical scale means 5=0.24 ), a=0.29 (O), and®=0.34 (A). The g value deter-
X 107 emu/Cu mol K. The two arrows indicate AF transition tem- mined by EPR measurements is 2.07. The vertical dashed line in-
peratures in the sample with=1.54. dicates the position of \ /T ax-

Susceptibility (10~ emu/Cu mol)
= °
N (=)
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Cu 6Ge 6O . 8-xH20

N
H=i§l(st~s+1+J4s-s+z>. (2)

Theoretical curves with various values @f(=J,/J,) (Ref.
32) and an experimental one of the sample with6 or 0
are shown in Fig. @) or 4(c). The experimental curve of the
sample ofx=6 or 0 agrees with the theoretical curve ®f
=0.27 ora=0.29, while it does not agree with the theoret-
ical curves of the other values af in these figures. It is
noted that the Bonner-Fisher curve cannot reproduce the ex-
perimental curves. Similarly, a theoretical curvesf 0.31
is consistent with the experimental curve of the sample with
x=0.80, which is the smallest in Fig.(@& (not shown.
These evaluated are close tax.. These results indicate two
important facts. First, the competing model can explain the
magnetic property of GGe;0,5-xH,O aboveT at least as
the first approximation, although the interchain exchange in-
teraction (;) cannot be ignored actually. However, there is
no theoretical curve taking,, J,, andJ, into account. Sec-
ond, the spin system in GGe;0,4xH,0 is located near a
boundary between spin systems with gapless and gappé’ﬁ
. e ¢
magnetic excitation, althougl depends weakly and nonsys-
tematically onx shown in Fig. %a). The same conclusion
was obtained even when the value of the orbital part of sus-
ceptibility was changed from 1 to 510 4 emu/Cu mol. CusGe;O;5-xH,0 is probably located near a boundary be-
Of course, there is a clear difference between the competingveen spin systems with gapless and gapped magnetic exci-
model and CyGe;O,g-xH,0. The ground state is a spin sin- tation, we assume that a spin gap due to competing AF in-
glet in the model, while it is AFLRO in Gy6&0,4xH,O  teractions exists at<1.54 and that magnetic excitation is
due to interchain interactionJ{). gapless ax>1.54. Of course, the existence of a spin gap has
The dependence Gfyay 0F Ty /Tax 0N X is shown in Fig.  not been confirmed in the susceptibility. However, it should
5(b) or 5(c). As x decreasesl maand therefore magnitude of he emphasized that powder-averaged susceptibility of
exchange interactions increase monotonically. The value ot w0, does not clearly show existence of a spin gap due to
Tn/Tmax decreases with decreasexifrom x=6, while itis  gppearance of AFLRO at 24 ¥ although this cuprate has a

nearly constant below=1.54. Atx=1.54, Tn/Tma JUMPS  gan of 1.4 meM(16 K) at the magnetic zone center originat-
abruptly from 0.23 to 0.39, and two AF transitions are See”ing in alternation of AF exchange interactions $= 1/2

ghle jqu indicett.te"s tg.?ft AFIERES a¢>T1h.5£tl an:éfl'&}t. chains® It should also be emphasized that a spin gap and
elong to essentially aierent phases. The two ransi IonEFLRO can coexist. Examples are doped CuGé®'

FIG. 5. (a) Dependence ofr on x in CusGe;O,XxH,0. The
value of the vertical axis of the hatched area indicates the critical
lue a. (0.24-0.30 obtained in Refs. 9, and 18—-20 when inter-
ain exchange interaction does not exib}. Dependence of 5,
on x. (c) Dependence of /T 4, 0N X.

at x=1.54 are probably due to a phase separation into hig 34.35 . N 36 . a7
and lowx phases. A phase separation always appears in th uwo, CsNiCl (S=1),™ and SrN;V,0; (S=1).

case of a first-order phase transition. The jump is reminiscent D|sorder_|s intraduced by mhomogenelty of water in
of Mg concentration dependenceTy in Cul—yngGeQ,.]ﬁ samples with &x<6 and has a'destructwe effect on
The value ofTy changes abruptly at a critical concentration AFLRO- Thus, Ty/T na, decreases with a decreasexiat x
y.=0.023. Lattice dimerization exists and affects AFLRO at> 1-54. Disorder also has a destructive effect on a spin gap.
y<Y., while AFLRO appears in a uniform lattice at The de;tructlon of a spin gap leads tg develop.ment of AF
>y.. Since the AFLRO’s belong to essentially different correlation and therefore leads to an increasd T may.
phasesTy jumps aty. Thus, aincreases at<<1.54, a decrease ify/T . due to

Let us now discuss the dependenceTqf,, on x. The  the destructive effect on AFLRO compensates an increase in
change inT ,,,, cannot be attributed to only Cu-Cu distances Tn/Tmax due to the destructive effect on a spin gap. As a
and Cu-O-Cu angles because these values are almost indesult, Ty /T s IS almost independent of at x<<1.54. Note
pendent ofx (Table Il). In a Cu octahedrons bonds are thatT, increases with an increase in dopant concentration at
formed between Cu and (® of a water moleculé® Thus, a low concentration in spin systems that have a singlet
electron distribution in the Cu octahedron is probablyground state and a spin gap between singlet and excited
changed by extraction of water. Therefore, it is consideredtates, such as CuGg®!*® S=1/2 two-leg-ladder
that exchange of spins in the CuZ and Cu-@3) bonds SrCw0;,%® and S=1 Haldane-material PbpV,0g.%%4% In
increases with decrease xresulting in an increase in ex- these cases, it is considered that development of AF correla-
change interactions and therefdrg,y. tion due to destruction of a spin gap is more dominant than

Next, let us discuss the dependenceT@f/Ta ON X.  the destructive effect of disorder on AFLRO afg, in-
Based on the results indicating that the spin system ircreases with an increase in dopant concentration.
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We also considered other models, but they could not exdence onx. From the results, we speculate that a spin gap
plain our results. One example is a random mixture withdue to competing AF interactions existsxat 1.54 and that
competing spin anisotropies who$ex phase diagram may magnetic excitation is gaplessat-1.54. In order to prove
be similar to that in Fig. &).** However, the two transition that the speculation is correct, we have to confirm the exis-
lines do not intersect in GGe;0,4xH,0, while two transi- tence of a spin gap. Therefore, it is necessary to make single
tion lines intersect in a random mixture with competing spincrystals of CyGe;0;4-xD,0O, which we have not yet suc-
anisotropies. Thus, competing spin anisotropies cannot exceeded in, and to measure neutron scattering. Besides, in
plain Fig. 5c). In addition, there is no result indicating that order to determiner more accurately, we will use theoretical
the samples withk=0 and 6 have different spin directions susceptibility obtained from the competing model takihg
below Ty . into account, which has not been reported so far.

V. SUMMARY
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