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Decomposition of the spin; Heisenberg chain compound SyCuQs in air and water:
An EPR and magnetic susceptibility study of SsCu(OH)g
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The reaction of SICuQ; with air and water was studied to address the origin of the reported variable
Curie-Weiss impurity contribution to the magnetic susceptibijtyof this compound at low temperatures.
Sr,CuO; was found to decompose upon exposure to either of these environments. The compQu{DSi;
was identified as the primary reaction product. A pure sample g8 &IOH); was then prepared separately.
Electron paramagnetic resonance, isothermal magnetization versus magnetiaviii¢ld], and y versus
temperaturelT measurements demonstrate thatCai{ OH)s contains weakly interacting &ti magnetic mo-
ments with spirSz% and averageg factor equal to 2.133. From a fit af(T) by the Curie-Weiss law and of
the M(H) isotherms by modified Brillouin functions, the exchange interaction between adjac&htspims
was found to bel/kg=1.06(4) K, a weakly antiferromagnetic interaction. Our results indicate that the previ-
ously reported, strongly sample-dependent, Curie-Weiss contributia{T of a polycrystalline SYICuQ;
sample most likely arises from exposing the sample to air, resulting in a variable amount of paramagnetic
Sr,Cu(OH)s on the surface of the sample.
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I. INTRODUCTION =2800-3000 K. On the other hand, theoretical
calculation® indicate that)/kg can be no larger than about
The physics of low-dimensional quantum spin systems2300 K in this compound. Muon spin rotation/relaxation and
has been intensively studied over the past decade due to iteutron-diffraction measurements on single crystafé re-
relevance to the physics of layered cuprate superconductoxgaled long-range antiferromagnetic ordering in this com-
and to the variety of unconventional magnetic and electronipound with a Nel temperatureTy=5 K and an ordered
properties exhibited by such materials. The field of low-magnetic moment of~0.06 ug/Cu atom. For the 1D
dimensional quantum magnetism has a long history datingdeisenberg model, logarithmic terms in the field theory ex-
back to the early 1930s with the publication of the Bethepression for the magnetic susceptibility at very low tempera-
ansatz equationsrom which, in principle, the eigenvalues tures yield an infinite slope a&approaches its finite value at
of the spinS= 3 Heisenberg chain can be obtained. By the0 K.*'%2°Takigawaet al(Refs. 21—28 claim to have seen
early 1990s, research on spin-chain and spin-ladder materiallsis behavior in their nuclear magnetic resonance data: a
related to high-temperature superconductors had becomedawnturn with decreasind was observed in the magnetic
subfield of condensed-matter physics. The current experisusceptibility at lowT, but the downturn was not fitted well
mental work on spin ladders has been driven by theory but iBy the predicted logarithmic behavior. Theory also predicts
limited by the lack of known spin-ladder compounds, par-separated spin and charge excitations near the Fermi energy
ticularly metals. Of the cuprates, only (Sr,e@u,,0,4; is  called “spinon” and “holon” excitations, respectively, for
known to become metallic and superconducting, and thedD correlated systeméee, for example, Ref. 24Angle-
only under high pressure® However, the interpretation of its resolved photoemission spectroscopy measurements by
properties is complicated by the fact that it is comprised ofFujisawaet al. (Ref. 24 along the chainsl( axis) show good
both CyO; ladder and Cu® chain layers. To isolate the qualitative agreement with these theoretical predictions.
physics associated with one or the other type of spin configuThey observe two separate dispersions in the Brillouin zone,
ration, it is desirable to study metallic compounds with eitherone that is reflected abolb/# (holon) and one that is not
chains or ladders, but not both. For reviews of oxide spin{spinon. However, quantitatively their measurements are not
ladder and spin-chain compounds, see Refs. 4—7. fitted well by theory.
Sr,CuO; is a model spirg linear-chain compound. It has A superconducting tetragonal phase,@&rQ0;, 5, has
an orthorhombic structurespace groupmmm Ref. 8 con-  been reported to form under high pressure and to exhibit a
taining C#* with spinsS= 3. The orthorhombic structure is superconducting transition temperatdie= 70 K25~ How-
derived from the layered tetragonabMiF, structure by re- ever, the samples contained low superconducting volume
moving lines of oxygen atoms parallel to theaxis from  fractions and showed semiconducting behavior ab®ye
within the CuQ layers of the hypothetical tetragonal rather than metallic behavior. Several grotip¥® subse-
KoNiF4-type compound SCuO,. Magnetic susceptibility quently reported high-pressure synthesis of nonsupercon-
studie$~* show this compound to be a nearly ideal one-ducting samples and Kawashima and Takayama-Muromachi
dimensional(1D) spin4 Heisenberg antiferromagnet with a (Ref. 31 suggested that the superconductivity arose from
strong intrachain Cu-Cu exchange couplidgkg=2200  Sr,CaCyO, impurities. Tetragonal $€uQ;, ;5 can also be
+200 K, while optical measuremehid® vyield J/kg  synthesized at ambient presstiré°and those samples were
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all also nonsuperconducting. The available evidence indi- Sr,Cu0, in 0,/H,O chamber

cates that the oxygen content in this compound is 4o00fF ' ' t =0 ]
variable?>2832333% 5 ranges from 0.08 to 0.9. Neutron- i dark brown
diffraction measurements carried out on a superconducting N _f)‘ (S:‘rlgos

and on a nonsuperconducting sampféfound no major dif- _ L1l e se,cucom
2 6

ferences between them and could not account for the supel 7 14 cu(oH)
conductivity. Both samples showed up to 50% oxygen va- pba|t=475h z
L . g light gray{® Sr(OH),
cancies in the Cu@planes as in SCuQ;, rather than in the
SrO layers.  Transmission  electron microscopy -
measurement$®’ confirmed the presence of the oxygen va-
cancies in the Cu@ planes. The tetragonal structure of
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Sr,CuO;, 5 thus evidently arises from a random distribution blue-gray

of O vacancies in the CuGsquare lattice planes, rather than " T

the ordered arrangement of oxygen vacancies in the,CuO . AL, WA&MM

planes as in orthorhombic SuO;. 100f — deet Be e re c 1 58
Due to the very large antiferromagnetic Cu-Cu exchange . sk; blue

couplingJ in Sr,CuQ;, the magnitude of the magnetic sus- L o _
ceptibility is so low that even small amounts of paramagnetic I % 4 " LN\MN\/V\.JM
impurities contribute significantly to the observed magnetic oS Teee g e VT T
susceptibility. Polycrystalline samples made by Asetial. 10 20 30 40 50
(Ref. 9, which were exposed to air, showed significant 26 (%)
Curie-Weiss COHt!’IbutIOI’IS, observqble_ mpst 9a3|ly at Ip\(v FIG. 1. Successive x-ray diffraction patterns (Ka radiation
temperatures, wh|ch qbscur_ed the intrinsic spin suscept|b|I§howing the decomposition of a,8uO, sample with time during
ity. The paramagnetic impurity concentrations in the samplegyposure to flowing hydrated Oyas. The solid curves are the dif-
responsible for this behavior were small, equivalent to thracted x-ray intensity versus diffraction angle 2and the letters
contribution of 0.4% sping- (with respect to Cliwith g mark the reflections of different impurity phases according to the
factorg= 2. The impurity concentration decreased dramati{egend. The top trace is the initial FuO; pattern, which shows
cally to ~0.1% when the samples were annealed athe presence of small amounts of the SEG®d CuO starting ma-
600—800°C in nitrogen or at 300—600 °C in low-presdiire terials. Each x-ray diffraction pattern is scaled so that the most
torr) helium. It was proposed that paramagnetic oxygen deintense reflection has an intensity of 100.
fects due to the uptake of oxygen from the air may be re-
sponsible for the Curie-Weiss impurity contribution, but no nance(EPR measurements. Our results and conclusions are
test of this proposal was carried out. Mitchetlaland Kato ~ summarized in Sec. V. Anticipating that section, we demon-
et al. (Refs. 33 and 34synthesized samples of &uO; by  strate that SICu(OH)s contains weakly interacting Cii
dehydration of SfCu(OH)s. Sr,Cu(OH) loses two mol- magnetic moments with spi$=3 and averageg factor
ecules ofH,0O per f.u. upon heating to 400°C in an argon equal to 2.133. From a fit f(T) by the Curie-Weiss law
atmosphere and forms orthorhombicGu0O;. When heated and theM (H) isotherms by modified Brillouin functions, the
to ~450°C in oxygen, however, the insulating tetragonalexchange interaction between adjacent?Cuspins was
form of SL,CuO;, s discussed above is formed. found to beJ/kg=1.06(4) K, a weakly antiferromagnetic

In view of the importance of SEuQ; as a modelS= 3 interaction.
antiferromagnetic Heisenberg chain compound, it is impor-
tant to gnderstanq the dependence of sample handling on the Il. EXPERIMENTAL DETAILS
magnetic properties of LuO;. We, therefore, undertook a
study of the chemistry associated with sample handling. We Several samples of S2uO; were synthesized by calcin-
found that SyCuO; decomposes in air to form ing stoichiometric quantities of 99.995% puraetals basis
Sr,Cu(OH)g, Sr(OH),,Cu(OH),, and SrCQ. SrLCu(OH);  SrCO; (Aithaca Chemical Corp.and CuO(Alfa Aesap in
is the main product in this reversible reaction. Direct expo-air at 950°C for several days, regrinding once per day. A
sure of S§CuQ; to water results in immediate irreversible powder x-ray diffraction(XRD) pattern taken on a Rigaku
decomposition to $SCu(OH)s, which then further decom- x-ray diffractometer with ClK« radiation is shown as the
poses to SrCQ and Cu(OH). Following Sec. Il, which top trace in Fig. 1. A typical sample showed the reported
gives experimental details of our work, these chemical reacerthorhombic  structure with lattice parametera
tions will be discussed in Sec. IlI. =12.72(4) Apb=3.904(8) A, andc=3.496(8) A, in good

In Sec. IV we discuss the crystallography ofGu(OH)s,  agreement with literature valu8$.XRD also revealed trace
which we synthesized in pure form. In Sec. IV we presentamounts of the SrCOQand CuO starting materials in the
and analyze our isothermal magnetization versus magnetgamples as shown in the top-most x-ray pattern in Fig. 1.
field [M(H)] and magnetic susceptibility versus tempera- Samples of SICu(OH)s were characterized by XRD
ture T data for SsCu(OH)s. We also report in this section analysis using the above diffractometer. Samples were mixed
the results of room-temperature electron paramagnetic resavith dry KBr and pelletized for midrange infrarétR) spec-
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troscopy measurements on a Hartmann and Braun Bomerhamber for longer periods, which we attribute to the reac-
Fourier transform infrared spectroscopy instrument. Roomiion of the sample with the impurity C{Qpresent in the flow-
temperature EPR measurements were carried out at 9.5 GHizg gas.

on a Bruker instrument. The derivative spectrudi/dB, Sr,CuO; was next reacted directly with de-ionized water
shown in Fig. 6 below was obtained in the usual way as an air and a sky-blue precipitate immediately formed. Solu-
function of magnetic field, but is plotted as a function of thetions were stirred for several minutes to ensure complete
spectroscopic splitting factorg(factor g to provide direct reaction. During this time the precipitate changed to a mix-
comparison with the spectrum reported in the literaffif®.  ture of black and white particles. The precipitate was allowed
Magnetic susceptibility and magnetization measurements bae settle and then the solution was filtered. XRD analysis of
low 300 K were carried out using a Quantum Design superithe precipitate showed that it was a mixture of Cu(Q@Hihd
conducting quantum interference device magnetometer. Th8rCQ,. After heating the mixed precipitate overnight at
contribution of ferromagnetic impurities to the measured125°C, XRD analysis revealed that the SrC@as un-
magnetization was determined from magnetization versushanged but that the Cu(Okhad converted to CuO. The
magnetic field isotherms between 75 and 300 K and wafiltrate solution was kept in a sealed jar for observation. A
found to be equivalent to that of 50 ppm ferromagnetic substantial amount of white solid appeared in the solution
iron metal impurities; this contribution is corrected for in three to four days later, which was identified as S§CO

Figs. 7 and 8 below. through XRD analysis. We attribute the formation of SECO
to the reaction of unprecipitated Srions with CCS‘ ions
IIl. DECOMPOSITION OF Sr ,CuOs and/or dissolved C©Ogas present in the water.

In order to isolate the primary decomposition product

We initially suspected that SEuQ; reacts with air when  Sr,Cu(OH)s and minimize the formation of SrGQ expo-
we observed that pristine dark brown,6u0; changes color  sure of the sample to COmust be minimized. Therefore
to blue gray within about 30 min of exposure to air. Thereaction of a SSCuO; sample in a vacuum-tight vessel with
subsequent XRD pattern contained the expecte®8D;  nanopure de-ionized, degassed water was carried out. Two
peaks, but also contained several impurity peaks, whiclnethods of removing gases from the water were uggd:
could not be identified with the remnants of the SEC®  distillation and(ii) repeated sequences of freezing the water
CuO starting materials. The above process was repeated wifftom the bottom up in a vacuum-sealed glass vessel followed
additional samples to confirm the results. We found that théyy pumping on the water while melting the ice. Initially all
time required for the above color change to occur ranged upamples formed blue or purple-blue precipitates. The purple
to several days, depending on the relative humidity of thesamples may have contained SrCu(@Hyhich is a violet-
laboratory air, which suggested that the samples were reactolored sister compound to &u(OH); (see Refs. 40, and
ing with the water vapor in the air. Degraded samples, whichi1). We were not able to confirm the presence of SrCu(QH)
were heated to 950°C in air, exhibited XRD patterns identi-because all of the precipitates changed color before they
cal to the XRD pattern of a freshly preparegGuO; sample  could be isolated. Samples were dried by decanting off as
(those x rays were taken with the sample in flowing heliummuch water as possible and then pumping off the residual
gas to prevent sample degradation while the x-ray data wergater. They were not exposed to the air. All samples except
accumulatefd Therefore we conclude that the degradation ofone changed color from purple blue to a shade of green dur-
Sr,CuQ; in air is reversible. Although not the primary focus ing the drying process. The XRD patterns of the green
of this paper, we describe below some preliminary experisamplegnot shown or further discussed heveere complex
ments carried out to investigate the observed sample degrand the phases present in the green samples could not be
dation. identified. The purple-blue sample that did not change color

Since the time scale for sample degradation was clearlguring the drying process was identified as primarily
humidity dependent, for controlled experiments a humiditySr,Cu(OH); by XRD analysis. The method of degassing the
chamber was constructed in which a flow of hydrated 98%water did not seem to affect the overall results of the above
pure nitrogen or oxygen gas was passed over £8P,  experiments, which are summarized in Table I.
sample. The gas was hydrated by diffusing it through deion-
ized water. The relative humidity and temperature inside the
chamber were measured with a Fisher Scientific Jumbo|v, CHARACTERIZATION AND CRYSTAL STRUCTURE
thermo-humidity meter. For sample exposure times up to 45 OF Sr,Cu(OH)4
h, the sample decomposition results in both gases were iden- i .
tical. Figure 1 shows the progression of the x-ray diffraction !N order to characterize the properties of pure
patterns versus time for a SuO; sample exposed to hy- SCU(OH)s, a pure sample of this compound was synthe-
drated oxygen gas. The relative humidity of the chambesized in strong hydroxide solution following the method of
increased from 50% to 80% and the temperature range8cholderet al. (Ref. 40 using 99.2% Cu(Ng),-23H,0
from 18.7°C to 20.4°C over the 42-h period in Fig. 1. The (Fisher Scientifit and 99% Sr(OH)-8H,0 (Alfa Aesan.
sample decomposed primarily into,8u(OH)g, but small  Figure 2 shows an IR scan of the,Su(OH)s sample. The
amounts of Cu(OH,),Sr(OH),, and SrCQ could also be scan shows no evidence of the sister compound SrCufOH)
identified from XRD patterns as shown in Fig. 1. The amountand agrees with literature dathinductively coupled plasma
of SrCQ; greatly increased when samples were left in theanalysis revealed a Sr:Cu atomic ratio of 2.395066.
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TABLE |. Summary of reactions of S€uO; with nanopure
de-ionized, degassed water in a vacuum-tight vessel. “Initial color”
refers to the color of the solid that immediately formed when the
Sr,Cu0,; sample made contact with the water. “Final color” refers
to the color of the solid after it had been dried.

Q

Method of degassing water Initial color Final color ‘
Freeze/thaw Blue purple Pale bfue 9

Freeze/thaw Pale blue Pale blue green | Q

Distilled in N, atmosphere Purple Blue green \ ¢ :

Distilled in N, atmosphere Dark blue Green

Distilled in N, atmosphere Sky blue Gren o

aX-ray had primarily SyCu(OH); peaks.

PTumed to this color before vacuum pumping began. FIG. 3. Crystal structure of SEu(OH)g. The gray octahedra are

Cu(OH)s units and the spheres represent'Sions.
Figure 3 shows the crystal structure ofSu(OH)s based _ _ _

on structural data from Nadezhieaal *2 This figure empha-  lists the respective lattice parameters. The two unit cells co-
sizes the highly elongated Jahn-Teller distorted Cu(§#¢)  incide in thez (c) direction, but form different parallelo-
tahedra. The equatorial Cu-O distances are 1.97 and 1.98 drams in theab plane. Thea lattice parameter in the unit cell
and the apical distance is 2.63 A. The latter distance is s6f Nadezhinzet al. (black cell in the foreground of Fig.)5s
large that the Cu coordination by oxygen should probably béhe short diagonal of the parallelogram formed by the unit
considered to be square planar rather than octahedral. Tig€ll of Dubleret al. (gray cell in the background of Fig)5
Cu(OH), units are isolated from one another suggesting al he law of cosines was used to obtain the expressions
weak exchange interaction between the? Cispin4 ions.

Figure 4 shows an x-ray diffraction pattern of a typical a=+a'?+b’?+2a’b’cosy’,

sample, which we indexed on a monoclinic lattice with space

group P2,/b (No. 14 and with lattice parameters b=b’,

=8.080(2) A, b=9.760(2) A, ¢c=6.146(1) A, and y

=143.641)°, in agreement with the results of Nadezhina c=c’, (1)
et al*2 A structure study by Dubleet al. (Refs. 43, and 44

reported a different unit cell with different atomic positions y=180°- vy’ + 4,

in the same space group for Fau(OH)s. In order to con-

firm the statement of Dublegt al. that BgCu(OH)s is iso- b'2—a2—3a’2
structural to SyCu(OH)g, we undertook a study of the rela- 6=cos ! —,
tionships of the two respective unit cells and atomic —2aa

positions after first correcting for the different space-group
settings used by the two groups. Figure 5 shows the geo-

metrical relationship between the two unit cells and Table I  3000————————— T
b SrZCu (OH) s ‘&3 ]
2500} 1
lOO T T T T T T T T T T T T T T : : :
Sr_Cu (OH) - [ ]
L 2 6 i E 2000__ g 1N ]
9] r I
o 2 [ ]
-~ 5 1500F ]
o] F ]
@ A :
g 1000Ff
d H [
b :
- 500
g L
0]
% 0- I I I I 1
4 10 20 30 40 50 60
= 20 (%)
Yo T T S S S S FIG. 4. CuKa x-ray powder diffraction pattern of SCu(OH)s.
3500 2500 1500 500 The solid curve is intensity | versus diffraction
A (em ™) angle 2. The space group is monoclinie2;/b (No. 14 with

a=8.080(2) A, b=9.760(2) A, c=6.146(1) A, and vy
FIG. 2. Midrange infrared spectroscopy spectrum showing=143.641)°. The Mller indices of the six strongest reflections are
transmittance versus wave numbar {) for Sr,Cu(OH)s. as indicated.
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B a’siny’

~ asin 0 0
x/a in 4 ' b x'la’
a’sin(y' +vy !
/b | =— _ — 0 "Ib’
y bsiny Db y
zlc , z'/c’
c
0 0o —
| c

@

FIG. 5. Two alternative unit cells for (Ba,SGu(OH)s. Dubler
et al. (Refs. 43 and 44used the gray cell in the background with
the primed lattice parameters for £2u(OH);. The black cell in the -
foreground is an alternate choice and corresponds to the unit cell
used by Nadezhinat al. (Ref. 42 for Sr,Cu(OH)s. a is the short ~ The results are shown in Table Ill. Although the unprimed
diagonal of thea’b’ parallelogramb andc are equivalenttb’ and  atomic positions for Ba&Cu(OH); do not match those of
c’, respectively, and is the angle betweea andb. 6 is the angle  Sr,Cu(OH), within the errors, the close similarities of the
betweena anda’. Note that the black cell is shifted in tledirec- respective values demonstrate that,G&r(OH); and
tion so that C&" ions are on the corners. Small spheres represenBa,Cu(OH), are isostructural. Therefore, the primed unit

o, mEdiHm spheres Ui, and large spheres Baions. (Cour-  ¢el ysed by Dubleet al. is an alternative unit cell for the
tesy of Julia K. Burzop two compounds.

Nl O O

V. EPR, MAGNETIC SUSCEPTIBILITY, AND

which were used to calculate the unprimed unit cell for
MAGNETIZATION OF Sr ,Cu(OH)g

Ba,Cu(OH)s, which corresponds to the unit cell of Na-
dezhinaet al. for S, Cu(OH)s. The volumes of the unit cells Figure 6 shows a typical room-temperature EPR spectrum
are 325.6(4) A for Ba,Cu(OH); and 288.3(2) A for  of a powder SfCu(OH); sample and a diphenylpicrylhydra-
Sr,Cu(OH),, a difference of 37.3(6) A This difference is zyl (DPPH) internal standard. The hyperfine interaction of
similar to four times the difference between the Ba and Sthe C#" electronic spirg with the Cu nuclear spih=3 has
atomic volumes calculated from structural data for elementa# typical width of 20—100 G but it is not resolved in our

Ba and Sr(Ref. 45: 4(62.99 &A/atom-56.325 K/atom) data. We believe this is due to several factors. We expect to
=26.66 A/atom (the factor of 4 arises because there are 25€€ “absorption-like” features rather than sharp derivative
f.u./unit cell. Also, since in the saménprimed unit cell  Peaks since the material is a pow(ieAt room temperature,
the y angles of the unit cells for the two compounds areSPin-lattice relaxation Ieadigto broadened features, which ob-
essentially the same and theb, andc lattice parameters for SCure the hyperfine pe_aﬂ&._ Since our system is not mag-
the Ba compound are at 4% larger than those for the Sr netically dilute, the spin-spin interaction also leads to peak

o . proadenind?®
compound, one sees that substituting Ba for Sr results in Q . ) .
uniform increase in unit-cell size. The function used to fit the EPR data consisted of a ver-

: . o . . . tical offset term and the sum of the derivatives of four Gaus-
The fractional atomic positions in the primed unit cell for _. : . e
. . .sians(including one for the DPPH magnetic-field-marker
BaZCu(OH)6 can be expressed in terms of the unprimed unit, Hich yielded three principal-axig values for S;Cu(OH)s
cell according to consistent with the rhombic symmetry of the Cu site. The

TABLE II. Lattice parameters for B&£u(OH); by Dubleret al. (Refs.43 and 44and SgCu(OH)g by
Nadezhinaet al. (Ref. 42. The BgCu(OH); primed lattice parameters are listed by Dub&tral. in a
different space-group setting. The unprimed lattice parameters correspond to the the alternate unit cell used
by Nadezhinzet al. The relationship between the two unit cells is shown in Fig. 5.

Ba,Cu(OH)g Primed BaCu(OH)s Uprimed SgCu(OH)g
a’ 6.030(2) A a 8.391(1) A a 8.079(2) A
b’ 10.115(2) A b 10.115(2) A b 9.759(2) A
c’ 6.440(2) A c 6.440(2) A c 6.165(2) A
Y 124.031)° y 143.442)° y 143.62Q1)°
Volume 325.5(3) A Volume 325.6(4) A Volume 288.3(2) R
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TABLE IIl. Atomic positions for BgCu(OH)g by Dubleret al. (Refs. 43, and 44, primed unit cefind SyCu(OH); by Nadezhinaet al.
(Ref. 42, unprimed unit cell The primed atomic positions for B&u(OH)g correspond to the primed unit cell in Table Il. The unprimed
atomic positions for BECu(OH), are obtained by expressing the primed positions in terms of the unprimed unit cell listed in Tedde I
Eq. (2)]. These unprimed positions are similar to those obtained by Nadeghmafor Sr,Cu(OH).

Ba,Cu(OH)g Primed BaCu(OH)s Unprimed SsCu(OH),

x'la’ y'/b’ z'lc’ x/a y/b Zlc xla y/b Zlc
Ba, Sr 0.282(1) 0.06741) 0.24891) 0.282a4) 0.03325) 0.43241) 0.28662) 0.036712) 0.42562)
Cu 0 3 0 0 z z 0 z z
01 0.432178) 0.25756) 0.05864) 0.432613) 0.374@17) 0.2425%8) 0.4292) 0.3662) 0.2332)
02 0.19568) 0.76295) 0.03934) 0.195610) 0.156314) 0.737110) 0.2022) 0.1562) 0.7242)
03 0.13878) 0.475Q6) 0.22674) 0.13879) 0.912@14) 0.025Q9) 0.1222) 0.8892) 0.0332)
DPPH-correctedy values, 2.21®), 2.1141), and 2.0691), C
are in agreement with the literature vali&$® In order to X=Xot 75 )

incorporate these experimentally determined values into fits

to the powder magnetic susceptibility and magnetizatiorwhered is the Weiss temperature afxis the Curie constant
data, the sphericapowde) average must be used. The Curie given by
constant that occurs in the magnetic susceptibility fit func-

tion [Egs.(5), (6), and(8) below] is a function ofg?; there-

fore, the appropriate average @fs the rmsg value,g,, as

given in Eq.(3). The Brillouin function[Eq. (10) below]

used to fit our low-temperature magnetization data is a funcin which N is the number of spins in the samptgis g [EQ.
tion of the average of itself, as given bygg in Eq. (4). Not  (3)], ug is the Bohr magnetor§ s the spin of the Cti" ion
surprisingly, these two values are nearly identical, (assumed to bg), andkg is the Boltzmann constant. In the

molar units ofy or M in Figs. 7, 8, 10, and 11 beloW is set
2 21 9?)
. /(91 %2 g3 2133,

Ng?ugS(S+1)

3Kg (6)

to N (Avogadro’s number The T-independenjy, term

()
Xo= X" x"Y @)
(91+ 0ot Ga) is the sum of the contribution from the diamagnetic cores of
gB:WZZ_Bz_ (4)  the atomsx“" and the paramagnetic Van Vleck suscepti-

bility xVV of the C#™ ions.

Afit to all the x(T) data in Fig. 7 by Eq(5), with x, set
to the diamagnetic core contribution for ,Su(OH)g
(—1.13x 104 cm®/mol), yields the fit(solid curve in Fig.
7 with a Weiss temperaturg= —2.74(1) K indicating weak
coupling between the Gii spin+ ions, as expected. The
negative sign o corresponds to an antiferromagnetic cou-

The magnetic susceptibility versus temperatur@ in an
applied magnetic fieldd=10 kG is shown in Fig. 7. We
fitted the data by

1000

T
SrZCu(OH)6

| Fit: dI/dB = Yy +
derivatives of 4 gaussians

DPPH
L

500
0.10 T T T T T T

SrZCu(OH)6
H =10 kG

o

=500

-1000F
Fit Parameters:
Yy = —-444 (1) (Arb. Units)

2.214(2)
2.114(1)
2.069(1)

-1500

dI/dB (Arb. Units)

Fit: 3 =X, + C/(T = 8)

a Q
[y
non

-2000f X, = -1.13x107* cm®/mol

Q
w
1]

-2500 . L L
2.4 2.3 2.2 2.1 2.0 1.9

FIG. 6. The thick curve is a powder EPR derivative spectrum,
d1/dB versus spectroscopic splitting factgrof Sr,Cu(OH)g at
room temperature using an rf frequency of 9.5 Gbtzhjand. The FIG. 7. Magnetic susceptibilityy versus temperaturd of
thin curve is a multiple Gaussian derivative fit to the data with S,,Cu(OH)s(©). The solid curve is a fit to the data by the function
parameters shown in the figure. DPPg= 2.0036 was used as an shown in the figurd Eq. (5)], with parameters also listed in the
internal magnetic-field standard. figure whereg is g, as given in Eq(3).
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800 T T T T T 0.10
Sr,Cu(OH), H = 10 kG (a) % Sr,Cu (OH) |
700 e
Fit: (g - x,)7 = T/C - 9/C 0.080 %g
4 600F x, = -1.13x107 em’/mol ] g%
2 o A o ZFC, 100 G
5 500¢ ° Data £ 0.060 ! s FC, 100 G
HE 100k ---Fixed g | mg 1 0 2 kG
D —Fitted g - 8, > 10 kG
R 300k | ; 0.040 !,_,.Ag
' Fit: Fixed ¥, %o,
= 200t L . o0,
Fixed g: Fitted g: 0.020 5:,,"‘
100 g = 2.133 g=2.074(1) L
0 =-8.0(5) K 0 =-2.75(9) K 0.0 ) L 1 )
% 50 100 150 200 250 300 0 1o 0 . 30 40 50
T (K)
120 i i : — FIG. 9. Magnetization divided by magnetic fieldl/H, versus
Low Temperature Behavior (b) temperatureT for S,Cu(OH)s. The zero-field-cooledZFC) and
100k field-cooled(FC) data (O and A, respectively were taken in an
— applied magnetic field oft =100 G. Also shown are data taken at
B sl H=2 kG (O) and 10 kG ©).
5
9 . . . . .
E 0 We could not obtain an optimum fit to our data with physi-
T cally reasonable parameters using thealue from the EPR
o measurements. At low temperatures, shown in Fig), ®oth
Ao - o Data the “fitted-g” and the “fixed-g” fits deviate from the data.
= - Fized g As noted above, th@ values obtained from the fixegl-
- 4 . _1 . .
20 — Fitted g fits to x(T) and (x—xo) "~ versusT do not agree. Fitting
x(T) emphasizes the low-temperature regime whgrés
04 10 20 30 20 50 varying most strongly witil due to the Curie-Weiss behav-

T (X) ior. The (x—xo) ! data, however, emphasize the high-
temperature behavior, where weak temperature dependence
of xo and/or the contribution tg(T) from small amounts of
impurities could most strongly influence the parameters ob-
tained from the fit. Therefore, the parameters obtained from

the one-parametey(T) fit,

FIG. 8. (a) Inverse magnetic susceptibility corrected for the con-
tribution of xo,(x—xo) "%, versus temperatureT (©) of
Sr,Cu(OH)s. The dashed line is the “fixed-g” fit yielding the@
parameter shown in the figure where the fibxg@d g, in Eq. (3).
The solid line is the “fitted-g” fit, which yields the indicategland
0 values.yq is fixed atx®for both fits.(b) Expanded plot of the

low-temperature data and fits below 50 K. Xo=—1.13<10 % cm®*/mol,

pling between the Cu spins. Whegp was allowed to vary, g=2.133, 9
Xxo became more negative than the diamagnetic core contri-
bution, which is physically unreasonable. We were able to o=—2.741) K

obtain a better fit whe was allowed to vary. However, the
fitted C value yielded ag value from Eq.(6), which was
significantly lower than the measured averag®alue ob- intrinsic behavior of SICu(OH)g.
tained from EPR. To investigate the low-temperature behavior further, sev-
Figure 8 shows the inverse of the magnetic susceptibilityeral magnetization versus applied magnetic fighd(H)]
corrected for the contribution ofg, (x — xo) ~*, versus tem- jsotherms at low temperatures and both zero-field-cooled
peratureT in an applied magnetic fielld=10 kG. The (zZFC) and field-cooledFC) M(T) data atH=100 G were
dashed line is a linear fit, taken. The ZFC and FC data show no evidence of long-range
ordering above 1.8 K as shown in Fig. 9. TMH) iso-
therms at low temperatures are shown in Fig. 10. The data up
toH=1 T are in the low-field proportional part of ti(H)
curves, which explains why all the magnetization data in Fig.
9 lie on a common curve.
We obtained a robust fit to thd (H) isotherm data in Fig.
10 using a modified Brillouin functiof for S= 3%

are considered to be more reliable and best represent the

1 T-0 ®
X—xo C

[see Eq.(5)] with fixed C given by Eq.(6), which yields 6
=—8.0(5) K. This @ is significantly larger in magnitude
than that obtained from thg(T) fit in Fig. 7. The solid line
in Fig. 8 is a linear fit with fittedC and is clearly a better fit
to the data. Although the lattet=—2.75(9) K agrees with
that from the fit in Fig. 7, the average=2.074(1) obtained
from C is lower than the average value obtained from EPR.

gSugH }, (10)

M =Ng&5tank{m

134428-7



J. M. HILL, D. C. JOHNSTON, AND L. L. MILLER PHYSICAL REVIEW B65 134428

1.0 - ' ' ' ' ' In summary, we find that the best description of the com-
Sr,Culof) g bined EPRx(T), andM (H) data for SsCu(OH) is that the

K CUw’* ions have spinrS=3 with g=2.133; the Weiss tem-

% perature in the Curie-Weiss law &= —2.66(9) K. Assum-

E ing a Heisenberg interaction between nearest-neighbor spins

with Hamiltoniant=J% 4, S - S;, where the sum is over
all distinct nearest-neighbor pairs of spins ahd0(J<0)
0.40f . corresponds to an antiferromagnetierromagnetit interac-
tion, the exchange constadtis given in terms ofd by J=
o 20l Fig251§21/2 | —3kgl/[z4S+1)], where z is the number of nearest
' 6= 55154 K neighbors? In Sr,Cu(OH)g, each Cu atom has ten Cu near-
est neighbors =10) at a distance of 5.8—-6.2 A; the Cu
0.0 : ' ' . ' . next-nearest neighbors are at distances=8t1 A. Using ¢

0 1 2 3 4 5 6 7 .
H (T) =—2.66(9) K, one thus obtain¥kg=1.06(4) K.

M (uB/formula unit)

FIG. 10. MagnetizatioM versus fieldH for Sr,Cu(OH); at 1.8
K (0), 25K (¢),3.0K (d), 35K (V), 40K (A), and 4.5 K
(<0). The solid curves are a fit to the data using Et0) with We have demonstrated that,Su0O; decomposes in both
parameters shown in the figure wheyés gg as given in Eq(4). air and water and that the primary decomposition product is

SL,Cu(OH),. In contrast, the compound L@uQO, can be

whereg is gg as given in Eq(4) andT in the usual Brillouin  successfully electrochemically oxidized in aqueous base
functior™® is replaced byT— #. This change was necessary without any noticeable decompositioh.
so that the high-temperature and/or low-field expansion of The magnetic susceptibility of SCu(OH)s exhibits
Eqg. (10) yielded the observed Curie-Weiss behavidr  Curie-Weiss behavior down to low temperatures and indi-
=CH/(T- 6). The fit yieldedd= —2.575(4) K. This value cates only very weak interactions between th& Capins.
for 6 agrees with the value in E(Q) obtained from the fitto The crystallography, EPR, and magnetization measurements
the magnetic susceptibility data, as it should. A comparisorare consistent with a nearly isolated, sp8¥ 3, local-
of the two values gives the estimafie- —2.66(9) K. When moment model for SICu(OH),. We obtained unusually
we allowed the spirSto vary during a fit, the fitte® value  good consistency between tiv(H) and x(T) fits, which
ranged from 0.471 to 0.516 indicating that the spin is indeedielded a smalld [ =—2.66(9) K]. The spherically aver-
1 as expected for Gu. Allowing g to vary at fixedS=3 agedg of the C#™ spins is 2.133 obtained from EPR and is
produced a slightly better fit, but with an incorregtvalue  similar to those of other cuprates. For examgén CuO is
(g=2.179 compared to the actual value 2.138 Fig. 11, a  2.1255); in La,BaCuG and in polycrystalline SiCu,,0,4
scaling plot of the magnetizatioM versus the ratio of itis 2.103 and 2.14, respective{from Table V in Ref. 5.
magnetic-field energy to the modified thermal energy Since the magnitude of the magnetic susceptibility of the

V. Summary and Conclusions

ugH/kg(T— 6) is shown and we see that the Bblid curve linear-chain compound SEuQ; is small due to the strong
does indeed reproduce the data very well. antiferromagnetic coupling between the Cu spins, one would
expect even a small impurity concentration ofQu(OH)g
1.9 . . . . to produce a significant paramagnetic contribution at low
Sr,Cu(OH) temperatures. Although we cannot rule out the possibility
T | that paramagnetic oxygen species are generated upon expo-
s g=2.132 ° sure of S§CuQ; to air as proposed by Anet al. (Ref. 9),
E 6 =-2.575(4) K L our experiments indicate that the reported variable Curie-
m 0.60F ] Weiss contributions to the magnetic susceptibility of poly-
g T=1.8K crystalline SsCuO; were most likely mainly due to varying
S o a0k T=2.5K | amounts of SYCu(OH) on the sample surfaces due to ex-
> o zg : posure of the sample to the humidity in the air.
= T - 10K The Cu-Cu exchange coupling/kg=1.06(4) K in
0.20r T-45k Sr,Cu(OH)s is very weak compared t# kg~ 1600 K in the
) Fit high-T, cuprate superconductors, due to the isolated square-
0. ok : : . . planar coordination of the Gii ions in SpCu(OH)s. The
0.0 0.20 0.40 0.60 0.80 1.0

nearest-neighbor Cu-Cu exchange path is Cu-O-O-Cu with a
zigzag geometry and a Cu-Cu distance of 5.8 A, whereas in
FIG. 11. MagnetizatioM versus the ratio of magnetic-field the planar highF. cuprates the nearest-neighbor distance is
energy to the modified thermal energyBH/kB(Tf g) for 2.80 A with a Strong 180° Cu-O-Cu antiferromagnetic super-
Sr,Cu(OH)s at 1.8 K (0), 25 K (¢), 3.0K (0), 3.5 K (V), 4.0  exchange coupling. Thus £u(OH)s; serves as nice refer-
K (A), and 4.5 K K). The solid curve is a fit to all the data by Eq. ence material for comparison with the magnetic properties
(10), with fitting parametew, fixedS=1/2, andg=gg as givenin ~ of more strongly interacting systems such as the High-
Eq. (4). cuprates.

MH/ [k (T = )]
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