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A systematic study on pure-phase samples of the polymorphous natural cuprs@@E1);, atacamite and
botallackite, is carried out using synchrotron x-ray-diffraction, magnetic susceptibility, and muon spin rotation/
relaxation(uSR) measurements. Atacamite and botallackite are found to undergo antiferromagnetic transition
atTy=9.0 andTy=7.2 K, respectively. Contrasting results are obtained ini8&. Atacamite is suggested to
have a distribution in the internéélectron-spin field, favoring a picture of a disordered ground state, while
botallackite shows distinct muon-spin rotation, indicating a long-range magnetic order. The different magnetic
properties exhibited by the two polymorphs are consistently explained by inspection into the coordination of
Cu and the Cu-O-Cbond angles in the polymorphs.
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l. INTRODUCTION “solvato-magnetism® The CuyX(OH); samples were
reported to exhibit botallackite structure and triangular

i.e., atacamite in orthorhombi¢a=6.030 A, b=6.865 A, quantum Heisepberg antiferromagnetic lattice is —pro-
c=9.120 A, botallackite in monoclinic (a=5.715 A, b posed.  Deuterium ~ NMR StUd'eS_ on Wop)fﬂ
=6.124 A, c=5.632 A, 8=92.75, the newly identified cli- (X=NOs,HCOO, GHsCOO) showed varied exchange inter-
noatacamite in monoclinic(a=6.157 A, b=6.814 A, ¢ actions of J=+1911) and -213) K for X=NO;, J=
=9.104 A,3=99.65, and possibly a metastable paratacamitet 13(7) and -135) K for X=HCOO, andJ=-544) and

in rhombohedrala=13.654 A,c=14.041 A, replacement of —92(3) K for X=CgHsCOO, respectively-? Unfortunately,

Cu by small amounts of another cation is necessary to stabthe fine crystal structures of the £{((OH); with large X

lize the paratacamite structre respectively The have not been solved due to their unsatisfactory
Cw,CI(OH); are sometimes called natural cuprates in thecrystallization!2 In order to reveal the magnetic mechanism,
meaning that they contain copper-oxygen bonds. We congSR studies(the longitudinal field decoupling and muon-
sider that it is of interest to compare their magnetic properspin resonandehave been carried out for small inorganic
ties with those of the artificial higfiz superconducting cu- anjonsX (X=Cl,1). Three muon sites were suggested for
prates, +esp¢cia!ly becayse the magnetic ir)teraction bet‘{"e%CI(OH)3, while two were observed for GL(OH),. Since

the_ Cy* spins in the hightr; superco_nductmg cuprates is e myon is considered to stop at the same sites in these salts,
believed an essential factor for the higih-superconductiv- the authors concluded that the Cl and | salts have different

ity. . . o .
. L magnetic structures by assuming an additional ferromagnetic
The research of GZI(OH); is interesting itself because coupling in CuCI(OH)4.* However, our recent experience

the correlation between the crystal structure and their physi-
cal properties can be directly shown by the different proper—On the C.@CKOH,)3 pon.mor.phs clearly show that sample
ties exhibited by the polymorphs. The magnetic properties ofharacterization is of vital importance for the QI(OH);
the differently structured GEI(OH); polymorphs are not System since th_e synthesis of one of the polymorphs usually
clear. For example, a spin-glass behavior was previously re¥as accompanied by the formation of other impurity poly-
ported for synthetic atacamite, while mineral atacamite apmorphous phases. As a matter of fact, we had observed weak
parently showed antiferromagnetic beha¥iér. ferromagnetic and antiferromagnetic behaviors, as well as
Another motivation of the present research arises from glassiness, with the different phases. Therefore, a detailed
recent topic. Recently an organic/inorganic hybrid systentesearch on the respective £QOOH); polymorphs is de-
CwX(OH); (X=carboxylat¢ receives much attention by manded.
showing antiferromagnetic and weak ferromagnetic behav- The present work reports the results of magnetic suscep-
iors as well as glassiness in different samglgsThe tibility and muon-spin relaxatiofuSR) measurements on
different magnetic properties are attributed to slight differ-single-phase atacamite and botallackite. The present study
ence in the CuO-Cu coordination that is influenced reveals that atacamite and botallackite are antiferromagnets
by the exchangeable aniolX, a phenomenon named with different TyS and magnetic structures.

Minerals CyCI(OH)5 are known to exist in polymorphs,
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FIG. 2. (Color online Observed and calculated synchrotron
x-ray-diffraction spectra for atacamite.

27-Jun-03 Mta 9 WD14.9mm 5.0kV x5.0k 10um

diffraction patterns for atacamite and botallackite are shown
respectively. Out of the measured range of 2.5-75°, only the
data from 4° to 15° are shown for a clear view. The detailed
Il. EXPERIMENTAL information about the structures is summarized in Tables |

Pure-phase atacamite and botallackite were synthesizeﬁf‘d I, respectively, for atacamite _and botallackite. The struc-
respectively, from solution reaction of cupric formate tet-tUres are in good agreement with those previously deter-
rahydrate and potassium chloride by adjusting the temperdDined by normal x-ray diffractions on single crystals of
ture and solution concentration. For atacamite, minerals adlineral atacamite and botallackite, 4). To show the coor-
natural products in sma|[~mi||imeter) Crysta”ine form dination of the atoms and the features of the structure, the
(mined from Arizona are available. Since our synthesized structures are illustrated in Figs. 4 and 5, respectively, for
pure atacamite showed the same crystal structures and magfacamite and botallackite. Atacamite is featured by
netic susceptibility behaviors as the mineftalit poorer crys- Cu-O-Cuchains running along the axis with the chains
tal nature, we used the mineral crystals in the present reportconnected by CuO ladders in tlaeaxis direction. Botallac-
The synthesized botallackite are good micro crystalkite is featured by CuO chains along tlaeaxis with the
(~1 um) as shown in Fig. 1. The two compounds were charchains intersecting with CuQOladders along the axis. A
acterized using synchrotron x-ray diffraction at Spring-8,strong feature in botallackite is that the CuO planes, consist-
BLO2B2. This beamline is designed for accurate structuréng of the ladders and chains, are stacking in a layered struc-
analysis with powder samples using a Debye-Scherrer camure as viewed from thé axis in Fig. 5. As is seen in the
era with an imaging plate. The incident x-ray was monochrofigures and tables, differences are seen in theG«Cubond
matized by a double-crystal monochromator tuned to theyngles between the two structures. In atacamite the bond

wavelength of 0.5 A. All powder diffraction data were ana- angles vary from 97° to 124°, while in botallackite they are
lyzed by the Rietveld technique, using the RIETAN-2000i, 5 narrow range of 101°~108°.

programt® The temperature dependence of the dc suscepti-

bility was measured using a commercial SQUID magneto- ) o

meter. Zero-fieldZF) and longitudinal-field LF) muon-spin B. Magnetic susceptibility
rotation/relaxatior(uSR) were carried out at Meson Science  The temperature dependences of the susceptibility for the

Laboratory, High Energy Accelerator Research Organizatioyg structures are shown in Fig. 6. Maximums at 9.0 K and
(KEK-MSL) by using a pulsed20 ns/bin surfaceu* beam

with energy of 4 MeV, then repeated at the TRIUMF M20
channel by using a continuous surfaecebeam(0.4 ns/bin
to see muon-spin rotations. The ZFSR was carried out in a 160000k
field less than 1 mOe. The asymmetry parameter of the muot
spin at timet, a(t), is defined agF(t)—-B(t)]/[F(t)+B(t)],
whereF(t) andB(t) are muon events counted by the forward -
and backward counters, respectively. The incident muons arg
polarized along the longitudinal progressing direction and 20000k
the initially polarized muons are depolarized by the internal L

A

fields in the specimen. Therefore, magnetic transition can be 0

. . . B | [ B | | [y U el
directly witnessed in the muon spectra. — . i e
5 7.5 10 12.5 15

Ill. RESULTS AND DISCUSSION 20 /°

FIG. 1. Field-emission scanning electron microscopy for
botallackite.
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A. Material characterization FIG. 3. (Color onling Observed and calculated synchrotron
In Figs. 2 and 3 the observed and calculated x-rayx-ray-diffraction spectra for botallackite.
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TABLE I. Structure information for atacamite.

Compound name Atacamite
Chemical formula CyCI(OH)3
Cell setting Orthorhombic
Space group Pnma(no. 62
z 4
a(A) 6.0279711)
b (A) 6.8638313)
c(A) 9.1156217)
V (A3 377.15812)
D (gcmd) 3.76
Rup(S) 0.0452(1.2571)
Rs 0.0635
8S=Ryp/Re
Atom Site g X Y z U102 A?)
Cul 4 1 0 0 0 0.803)
Cu2 4 1 0.1925717) 1/4 0.2560817) 0.864)
o] 4c 1 0.35144) 3/4 0.056%3) 1.337)
o1 4 1 0.14988) 1/4 -0.00697) 0.6614)
02 & 1 0.43946) 0.06365) 0.287%4) 0.6710)
H1 4c 1 0.58512) 3/4 0.0598) 0.66
H2 &d 1 0.3898) 0.5796) 0.1336) 0.66
Bond length(A) Bond angle(®)
Cul-O1 1.94(R) Cul-0O1-cui 124.3972)
Cul-02 2.0193) Cul-02-Cu2 100.830
Cu2-02-Cu¥ 97.42)
Cu2-02 1.98@) Cu2i-02v-cur’ 114.462
Cu2-02 2.0313)

Symmetry codes(i) x—1/2,y, 1/2-z; (ii) —=x, y+1/2, -z, (iii) x+1/2, 1/2~y, 1/2-z; (iv) x+1/2,
1/2-y, 1/12-z, (v) 1-x,y+1/2, -z

7.2 K were observed for atacamite and botallackite, respeg@aramagnetic state the depolarization behavior is well de-
tively, suggesting that atacamite and botallackite undergo arscribed by the Kubo-Toyabe functith
tiferromagnetic transitions beloWy=9.0 K and 7.2 K, re- 1o 5 1\ 22
spectively. In atacamite, the reciprocal susceptibility does not a(t) =3+ 5(1 - ?Pexd - (3)0?t?] 1)
change linearly with the temperatufieig. 7). We also found

g Y peratuiéig. 7) due to the nuclear field of Cu63 or Cu@fhere 1/3 of the

the same susceptibilities with synthesized atacamite. Sinc . ) . oo T
the synthesized atacamite and the mineral showed same syBH0" SPins remain the initial longitudinal direction and 2/3
ceptibilities and the XRD shows a single phase for both™UON SPINs rotate and depolarize due to the other two verti-

samples, we conclude that the results in Fig. 7 suggest muF—aI components of the fieldRelaxation of electron spin is

tiple magnetic exchange interactidnvalues, and possibly too fa_st to depolanzg rr|1uon_sp|n at_tlh|s temptc)aratur%. :cn our
frustration. The observed susceptibilities of botallackite obepre”ment' an equiva e.m_.O'M'MS was observed for -
Curie-Weiss law 14=C/(T-6) in the whole temperature atacamite and botallackite in the paramagnetic state. It is

range abovdy: the Curie-Weiss constants were determinedonsistent with the previous study by '_V'a““’? al, who
to be C=0.76 emu K mot and =041 K. reported the Kubo-Toyabe type relaxation with a sasne

=0.43 us™* for CLX(OH); (X=CI,Br, 1) regardless of the
halide ions'* Therefore, it is clear that muon stops around
hydroxyl ion rather than halide ion in this system to produce
the waterlike molecule:u*+OH — MuOH. Thus muon
The magnetic transtion was ambiguously verified by theserves as a probe for the local magnetic field that is caused
SR measurements. In Figs. 8 and 9 the ZFR spectra for by electron spin at oxygen site. When a magnetic order is
atacamite and botallackite, respectively, are presented. In theveloped inside the specimen, static internal field is pro-

C. Muon-spin rotation and relaxation

174404-3



ZHENG et al. PHYSICAL REVIEW B 71, 174404(2005

TABLE Il. Structure information for botallackite.

Compound name Botallackite
Chemical formula CyCI(OH)3
Cell setting Monoclinic
Space group P2;/m (no. 11
z 2
aA) 5.716%3)
b (A) 6.11823)
c(A) 5.62832)
B () 93.116114)
V (A3) 196.55616)
D (gcnmd) 3.61
Rup(S) 0.0393(2.89
Rg 0.0304
8S=Ryp/Re
Atom Site g X y z U102 A?
Cul ) 1 0.48974) 1/4 0.99804) 0.803)
Cu2 po! 1 1/2 1/2 1/2 0.80
o] 2e 1 0.13195) 1/4 0.29545) 1.698)
o1 2% 1 0.326112) 3/4 0.371411) 0.898)
02 4 1 0.36177) 0.507910) 0.81877) 0.88
H1 2e 1 0.94617) 1/4 0.53614) 1.6
H2 4f 1 0.2489) 0.8319) 0.9799) 1.6
Bond length(A) Bond angle(®)
Cul-02 1.99(5) Cu2-01-Cud 103.876
Cul-02 1.9715) Cu2-02-Cul 106.450
Cu2-01 1.948%) Cu2-02-Cuf 107.908
Cu2-02 2.000%) Cul-02-Cuf 101.22)

Symmetry codesfi) 1-x, 1-y, 2~z (i) 1-x, y+1/2, 1z (iii) 1-x, y+1/2, 2-z

duced by the ordered spins, and the asymmetry rapidly dehe average magnitude of the internal static field felt by the
creases toward a time-independent baseline of 1/3. If thenuons can be roughly estimated from the decoupling be-
magnetic order is long range and the sample is crystallinehavior

then oscillation around the baseline can be seen with the high ) ) 5

time resolution of a continuous beam. p=3_1, (x*-1) o X 1) @

Magnetic transition around 9 K in atacamite and that be- 4 42 16¢2 (x-1)%
tween 7 and 7.5 K in botallackite are seen, respectively, in
the depolarization behaviors in Figs. 8 and 9. The developwherex=H g/Hyco, Hir is the external field parallel to the
ment of a long-range order in botallackite is further directlyinitial muon polarization andt,c, the local field. Therefore,
witnessed in the high-resolution asymmetry spectra obtaine@e can estimate the average internal field in atacamite. The
with the continuous beam at TRIUMF. Distinct rotations fitting of the LF.uSR in Fig. 12 to one muon site give an
with well-defined frequencies of 8.7 and 21.9 MHz at 2.1 K,average internal field of- 320 (40) Oe for atacamite. As will
which correspond to two stop sites, are seen for botallackitée described in detail below, the ZFSR of atacamite at 2 K
(Fig. 10. The phase diagram by plotting the muon-spin ro-is characterized by a quick exponential dive around /52
tation frequencies to temperatu¢gig. 11) agrees with the and recovery around 0,5s, thereafter a slow Gaussian de-
antiferromagnetic transition d=7.2 K as seen in the sus- crease. The asymmetry at the recovery is nearly 1/3 of the
ceptibility. The muon-spin frequencies are also consistenparamagnetic asymmetry, and the recovered values of the
with the result of our LFxSR experiment on botallackite. ~asymmetries were used for the LFSR fit. A previous ex-

On the other hand, no distinct muon spin rotation wasperiment reported three sites with local fields of @30),
seen in atacamite even with the continuous beam. In th820 (90), and 840(130) Oe for synthetic botallackit& The
ordered phase, when a longitudinal field is applied to thevalue of 320 Oe is considered due to inclusion of atacamite
specimen, the depolarized muon spins are decoupled arghase in their specimen.
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FIG. 4. Crystal structure of atacamite £(OH)5; (a) viewed
from b axis, (b) viewed fromc axis, and(c) local coordination.

The transition in atacamite can be more clearly seen by
analyzing the ZFuSR spectra. In an antiferrimagnet the de-
polarization close to the magnetic transition usually can be
described by a combination of an exponential function with ©)
the Kubo-Toyabe function, i.e.,

FIG. 5. Crystal structure of botallackite gTi(OH),; (a) viewed
a(t) = a(0)exp(— )\t)[% + %(1 - 02*[2)]9)([(_ (%)UZtZ), from b axis, (b) viewed froma axis, and(c) local coordination.
)

where the exponential function expresses the depolarizati
due to the fluctuation of the magnetic field caused by th

0R,QRD spectra did not show a noticeable impurity phase and
ésynthetic atacamite showed equivalent magnetic susceptibili-

Cl?* spins. However, this is not the case in atacamite. Théles as the mineral sample, we think that the 14% component

ZF-uSR spectra of atacamite cannot be fitted by a simplés intrinsic in atacamite. In an antiferromagnet, if the muons

exponential function. Instead it is best fitted by a combined?P by a site where the static fields due to the antiparallel
function of spins are just cancelled, then a part of the muons would show

paramagnetic behavior. It is possible that there are muon
site(s) in atacamite where the static field is canceled.
a(t) =ay[ 2+ 2(1 - \exp- A

+ az[%, + 5(1 - oztz)exr(— %Gztz)], (4) D. Discussion

where the former function expresses depolarization due to Combing the results of the magnetic susceptibility and
internal static fields with a Lorentzian distribution. There- uSR, it is clearly seen that atacamite and botallackite un-
fore, transition into magnetic order is witnessed by the in-dergo antiferromagnetic transitions at 9.0 K and 7.2 K, re-
creasegdecreasgin a, (a,) as well as the rise in, as is seen  spectively. Botallackite clearly shows a long-range antiferro-
in Fig. 13. The fitting to the present function suggests a dismagnetic order, while atacamite favors a picture of
ordered ground state in atacamite. disordered ground state. The disorder might enhance in a
It is noted that in Fig. 13 even at the lowest temperaturesynthetic atacamite because of enhanced randomness, which
a part of the muon$~14%) remained paramagnetic, as is seems not in conflict with the previously reported spin-glass-
more clearly seen by the LESR in Fig. 12. The depolariza- like susceptibility behaviors for low-temperature grown syn-
tion due to the paramagnetic field is completely decoupledhetic atacamité.We learned from our experiments that the
by a weak field of 100 Oe. Although the specimen is naturabynthesis of one of the GGI(OH); polymorphs is often ac-
mineral (which means it might contain some impuritigthe =~ companied by another one. An independent experiment on
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)

3

& FIG. 6. Temperature depen-

§ dence of the magnetic susceptibil-

:; ity at 10 kOe for atacamite and
botallackite.

clinoatacamite shows that another polymorph of clinoataangles in Tables | and Il reveal that the superexchange
camite shows weak ferromagnetism and glassibess. is  coupling in atacamite would be preferred along the
seen from the different magnetic behaviors in theCul-O1-Cuf, which has the shortest bond and largest
Cu,CI(OH)5 polymorph, we think that great attention should angle of 124.39°. However, exchange couplings, and possi-
be paid to the sample characterization in discussing the phdly even ferromagnetic coupling, in other directions are also
nomenon of “solvato-magnetism” in the S((OH); system.  possible. In atacamite the bond angles vary from 97° to 124°
It is interesting to compare the two polymorphous com-with nearly constant bond lengths, therefore, multiple inter-
pounds of atacamite and botallackite in view of the correlaactions with different)s can be in action which produce the
tion between the crystal structure and the magnetic coupling.
The Cu-Cl bonds are much longer than those of Cu-O in
atacamite and botallackite, thus the superexchange couplin
can be assumed to be primly through the-OuCu bonds.

0.16

. . 0.14 |
An inspection to the Cu-O bond lengths and -CuCu
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s .
2 L =
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FIG. 8. (Color onling Time evolution of zero-fieljuSR asym-
FIG. 7. Temperature dependence of the reciprocal magnetic susaetrya(t) for atacamitg KEK-MSL). Solid lines forT>9show the
ceptibility for atacamite and botallackite. Kubo-Toyabe fit witho=0.44 us™.
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distribution of electron spin field as suggested by &R

PHYSICAL REVIEW B 71, 174404(2005

25 : - T
N
E g Botallackite
] "n ]
& n
3 -
=
& "
‘g 15 } i
=
2
§ 10 | T = 72 K
2 N
= o o oo
g o
17) [ J
o OF 1
1S
3
2 }
0 \ . . .
0 2 4 6 8 10
Temperature (K)

FIG. 11. (Color online Temperature dependence of the muon
spin precession in zero field for botallackifERIUMF).

The C@#* spins in botallackite form a two-dimensional
triangle lattice in theb-c plane, which is clearly seen in Fig.
5(b) by eliminating the other atoms. The triangle lattice
structure is similar to the layer-structured ZWOH); (X

experiment. Contrastingly, in botallackite the bond angle=carboxylate. Antiparallel “up-down” spin arrangement
lies in a narrow range of 101°-108°, hence leading to a unizannot be satisfied for the &uspins in this triangle coordi-

form J.
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FIG. 10. (Color onling Muon spin rotation seen in the high time
resolution zero-field asymmetry spectieRIUMF) for botallackite,
the solid lines are fitted curves.

nation. However, as is proposed for the botallackite-
structured CpX(OH)3,2° a triangular quantum Heisenberg
antiferromagnetic lattice with three corner spins pointing to
the center can ensure a Neél ground state.

The strong magneto-lattice correlation has been also viv-
idly verified in a simple copper oxide Cut®!® as well in
Cuy ., Li,02° by our previous studies on the CuO system.
Previous studies on the superexchange coupling in the parent
compounds of the highi; superconducting cuprates sug-
gested that the superexchange coupling is sensitive to the
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FIG. 12. (Color online Longitudinal-fielduSR asymmetries for
atacamite at 2 KTRIUMF).
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T T T T T T T IV. CONCLUSION

b
[

In summary, polymorphous atacamite and botallackite are
found to be antiferromagnets witi(y=9.0 K and Ty
=7.2 K, respectively. Along-range order is verified for botal-
lackite and a disordered ground state is suggested for ata-
camite. Strong correlation between the magnetic interactions
and the crystal structure is revealed. In addition, the discov-
ery of low Ty antiferromagnetism in the natural cuprates
may provide a contrasting reference for the highsuper-
conducting cuprates.
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