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Low-temperature structural properties of the synthetic mineral libethenite Cu2PO4OH were investi-

gated by single-crystal X-ray diffraction, synchrotron X-ray powder diffraction, specific heat measure-

ments, and Raman spectroscopy. A second-order structural phase transition from the Pnnm symmetry

(a¼8.0553(8) Å, b¼8.3750(9) Å, c¼5.8818(6) Å at 180 K) to the P21/n symmetry (a¼8.0545(8) Å,

b¼8.3622(9) Å, c¼5.8755(6) Å, b¼90.0012(15) at 120 K) was found at 160 K during cooling. At 120 K,

the monoclinic angle is 90.0012(15) from single crystal X-ray data vs 90.083(1) from powder X-ray

diffraction data. The P21/n–to–Pnnm transition may be a general feature of the adamite-type

compounds, M2XO4OH.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The synthetic mineral libethenite, Cu2PO4OH [1,2], has
attracted attention recently as a photocatalyst for reactions with
visible light [3–6]. The morphological [7], structural [8–11],
optical [1], and vibrational [12–14] properties of libethenite have
also been investigated. Cu2PO4OH belongs to a family of adamite-
type compounds, M2XO4OH [1,2]. The mineral adamite, Zn2A-
sO4OH, crystallizes in space group Pnnm with a¼8.306, b¼8.524,
and c¼6.043 Å [1]. A number of minerals have identical or related
structures [1,2], e.g., libethenite, eveite Mn2AsO4OH, zincolibethe-
nite CuZnPO4OH [15], tarbuttite Zn2PO4OH, and paradamite
Zn2AsO4OH. The mineral olivenite Cu2AsO4OH has a monoclini-
cally distorted structure at room temperature (space group P21/n;
b¼90.01 from single-crystal data and 90.081 from powder diffrac-
tion data) [16]. Synthetic compounds Co2PO4OH and Co2AsO4OH
demonstrate interesting magnetic properties: spin-glass behavior
in a three-dimensional antiferromagnetically-ordered phase
for Co2PO4OH [17] and a sinusoidal magnetic structure for
Co2AsO4OH [18,19]. A variety of substitution effects have been
studied in both Co2PO4OH and Co2AsO4OH [20–26].

Detailed magnetic properties of Cu2PO4OH have recently
been investigated by spin-dimer analysis, magnetic susceptibility,
ll rights reserved.

k).
high-field magnetization, specific heat, and NMR [27,28]. Cu2PO4OH
has a spin gap arising from the presence of square-tetramer cluster
units [27,29]. The entire order of solid solutions Co2�xCuxPO4OH
(0rxr2) was also investigated by magnetic susceptibility, specific
heat, and neutron powder diffraction [21]. During the course of our
investigation of Cu2PO4OH, we observed a structural phase transi-
tion in this compound at 160 K that appears to have been over-
looked in all previous works. Structural studies on Cu2PO4OH have
been performed above room temperature, and no phase transitions
were found [11]. In this work, we report on the structural properties
of synthetic libethenite Cu2PO4OH at low temperature.
2. Experimental section

Synthesis of single crystals of Cu2PO4OH is described in our
previous work [27]. Synchrotron powder X-ray diffraction (XRD)
data of crashed crystals of Cu2PO4OH were measured on a large
Debye–Scherrer camera at the BL02B2 beamline of SPring-8 [30]
between 90 and 300 K. The incident beam from a bending magnet
was monochromatized to l¼0.4227 Å. The sample was packed in
a glass capillary tube with an inner diameter of 0.3 mm, and the
capillary was rotated during the measurements. The synchrotron
powder XRD data were collected in a 2y range from 21 to 751 with
a step interval of 0.011, and the data were analyzed with
RIETAN 2000 [31]. The cooling was performed using an N2 gas
flow system. The sample was first cooled to 90 K, and the

www.elsevier.com/locate/jssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2011.09.026
mailto:alexei.belik@nims.go.jp
dx.doi.org/10.1016/j.jssc.2011.09.026


Table 1
R values of the Rietveld refinements for different structural models of libethenite

at 280 K and at 100 K.

Temperature (K) Structural model Rwp (%) Rp (%) RI (%)
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measurements were performed on heating. At some intermediate
temperatures, crystallization of ice that occasionally occurred on
the capillary tube became apparent, which was removed by the
gas stream at higher temperatures.

For the single-crystal X-ray data collection at 180 K and 120 K
(the temperatures are uncorrected), the same emerald green
crystalline block (200�180�175 mm), from which the structure
at 200 K had been refined previously [27], was used in this study.
At either temperature, 1900 frames of 0.31 width were collected
on a three-circle Bruker SMART APEX diffractometer equipped
with CCD detector [32] by sequential exposures during 30 s of the
crystal to monochromatic Mo Ka X-rays (l¼0.71073 Å). The
reflection data were merged and integrated using SAINT [32].

Specific heat, Cp(T), of Cu2PO4OH was measured between 300 and
1.8 K on cooling and heating at a zero magnetic field by a pulse
relaxation method using a commercial calorimeter (Quantum Design
PPMS). The Cp(T) data were measured using one single crystal
weighing about 3 mg. No visible damage could be detected on this
single crystal after cooling to 1.8 K, and the crystal retained its shape
and transparency. Magnetic susceptibilities, w¼M/H, were measured
on a SQUID magnetometer (Quantum Design, MPMS) between 2 and
400 K in fields of 100 Oe, 1 kOe, and 10 kOe under both zero-field-
cooled (ZFC) and field-cooled (FC; on cooling) conditions. No field
dependence of the magnetic susceptibilities was observed.

The Raman spectra were recorded using a 64-cm-long single
monochromator (Photon Design Co., PDPX) with a low-pass filter to
discriminate the Raman signal from the excitation laser light
(514.5 nm). The excitation power was set to less than 3 mW to
avoid radiation damage. The sample temperature was controlled by a
commercially available liquid nitrogen cryostat (Linkam Scientific
Instruments, THMS600). The Raman spectra between 30 and
750 cm�1 were collected from 100 K to 180 K with a step of 10 K.
280 Pnnm 4.28 3.21 1.98

280 P21/n, b¼901 fixed 4.18 3.14 1.91

280 P21/n, b¼90.001(3)1 4.20 3.15 1.92

100 Pnnm 6.45 4.77 2.17

100 Pmn21 6.35 4.71 2.12

100 P21/n, b¼901 fixed 5.99 4.41 1.91

100 P21/n, b¼90.098(1)1 3.92 2.92 1.83
3. Results and discussion

Fig. 1 shows fragments of the synchrotron powder XRD data
between 100 and 280 K. Above 170 K, all reflections could be
4.7
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Fig. 1. Fragments of experimental synchrotron (l¼0.4227 Å) X-ray powder diffraction

that appear below 160 K in the monoclinic P21/n phase (indexes of these reflections are

1395), which appears occasionally on a capillary tube during the cooling by an N2 gas
indexed with the lattice parameters of aE8.055 Å, bE8.375 Å,
cE5.882 Å and the space group Pnnm, in agreement with the
single-crystal structural data above 200 K [8–10,27]. The reflection
conditions of Pnnm are kþ l¼2n for 0kl, hþ l¼2n for h0l, h¼2n for
h00, k¼2n for 0k0, and l¼2n for 00l [33]. New reflections appeared
below 160 K with indexes 0kl and k¼2nþ1 and l¼2n þ1 (Fig. 1).
The new reflection conditions (hþ l¼2n for h0l, h¼2n for h00, k¼2n

for 0k0, and l¼2n for 00l) suggest only one possible space group P21/
n [33] (no orthorhombic space groups satisfy these conditions).
Nevertheless, in order to check the possibility of overlap of some
reflections with others or eventual weak intensities in the powder
XRD patterns we checked different orthorhombic subgroups of Pnnm

in the Rietveld analyses. Table 1 shows that the R values were
comparable for the Pnnm and P21/n models at 280 K (the P21/n
model has larger number of refined structural parameters resulting
in slightly smaller R values). At 100 K, orthorhombic structural
models gave noticeably larger R values compared with the P21/n
model. In addition, the orthorhombic models could not fit well the
0kl reflections. Fig. 2 shows fragments of the Rietveld refinement fits
for different models at 100 K and 280 K. The temperature depen-
dences of the monoclinic angle (b) and the unit cell volume (V) are
given in Fig. 3. The monoclinic angle gradually increases with
decreasing temperature below 160 K. There was no step-like anom-
aly in the temperature dependence of the unit cell volume, indicating
that this transition is probably of the second order.
0.4227 Å 

021mon 012mon
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patterns of Cu2PO4OH between 100 and 280 K. Arrows show additional reflections

given). The reflections marked with asterisks are artefacts from ice (ICDD Card 85-

flow system; the cooling system was also responsible for blowing off the ice.
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a T = 280 K; Pnnm;Rwp = 4.28%, Rp = 3.21%

b T = 100 K; Pmn21;Rwp = 6.35%, Rp = 4.71%

c T = 100 K; P21/n;Rwp = 3.92%, Rp = 2.92%
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Fig. 2. Portions of the experimental and difference synchrotron (l¼0.4227 Å) X-ray powder diffraction patterns of Cu2PO4OH at (a) 280 K in the Pnnm model, (b) 100 K in

the Pmn21 model, and (c) 100 K in the P21/n model. The Bragg reflections are indicated by tick marks, and R values are given.
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Fig. 3. Temperature dependence of the monoclinic angle, b (the error bars are

smaller than the circle symbols), and the unit cell volume, V, in Cu2PO4OH. Above

170 K, the monoclinic angle was fixed at 901.
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Specific heat measurements showed a clear anomaly at 160 K
(Fig. 4), confirming the existence of a phase transition. No
difference was observed between the cooling and heating curves.
This observation confirms the second order of the phase transi-
tion. On the other hand, no anomalies were observed in the
magnetic susceptibilities at the phase transition point [27]. The
inset of Fig. 4 shows the dw/dT vs T curve intended to illustrate the
absence of anomaly near 160 K.

The Raman spectra at 100 K and 180 K are shown in Fig. 5
(detailed data are provided as Supplementary material). Below
160 K, new weak modes appeared at 115 and 325 cm�1 and some
phonon modes (at 140 cm�1, 160 cm�1, and 170 cm�1) became
noticeably sharper.

The structure at 180 K determined from single crystal corresponds
to the orthorhombic Pnnm room-temperature phase. It was refined to
R1¼2.73% by assigning anisotropic displacement parameters to all
non-H atoms. The H-atom was positioned in the difference map and
refined without constraints. The final cell parameters at 180 K are:
a¼8.0553(8) Å, b¼8.3750(9) Å, c¼5.8818(6) Å, a¼b¼g¼901,
V¼396.80(7) Å3, Z¼4, rcalc¼4.002 g cm�3, m¼11.021 mm�1,
F(0 0 0)¼456. The details of data collections and refinements are
given in Table 2. The structure parameters are given in Table 3 and
the bond lengths are listed in Table 4.

Contrary to the room-temperature phase, the 0kl reflections of
the initial cell at 120 K (a0 ¼5.87, b0 ¼8.05, c0 ¼8.36 Å) for odd kþ l

were present, clearly indicating monoclinic P21/n symmetry. The
data were corrected for absorption effects with SADABS [32]. For
reasons of structural comparison with the high-temperature phase,
the cell was transformed to a¼8.05, b¼8.36, and c¼5.87 Å. A very
small deviation from the orthorhombic symmetry, which was also
observed in the room-temperature structure of olivenite Cu2AsO4OH
(a¼90.0(1)1 from single crystal data [34], and 90.088(3)1 from
powder data [16]), precluded immediate a priori identification of
the unique axis. Although re-integration of the intensities by
sequential release of the constraints on each of the three axes
favored the c-axis (�21 e.s.d.) over the other two, the refinement
with ga901 in that particular case was not successful. The b-axis of
the orthorhombic lattice-emulating monoclinic cell was identified as
the unique axis instead, with b¼90.0012(15)1. Despite the low Rint

factor (2.94%), the initial refinement of the structure on 726 unique
reflections resulted in high residuals (R1¼7.03%, R(all data)¼7.08%)
indicating twinning. Introduction of a secondary component [1 0 0, 0
�1 0, 0 0 �1] improved the refinement significantly and resulted in
R1 value of 3.11%. The occupancy of the secondary lattice converged
to 45%. The position of the hydrogen atom was extracted from the
difference electron density around the hydroxyl oxygen. The
structure was refined without constraints with SHELXL [35],
with isotropic displacement parameters assigned to all atoms.
The final parameters at 120 K are: a¼8.0545(8) Å, b¼8.3622(9) Å,
c¼5.8755(6) Å, b¼90.0012(15), a¼g¼901, V¼395.73(7) Å3, Z¼4,
rcalc¼4.012 g cm�3, m¼11.051 mm�1, F(0 0 0)¼456. The results
are summarized in Tables 2–4.

Similar to Cu2AsO4OH [16,34], we found a significant differ-
ence in the monoclinic angle of Cu2PO4OH for the single-crystal
data (b¼90.0012(15)1) and synchrotron X-ray powder diffraction
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Table 2
Crystallographic and refinement details for libethenite at 180 K and at 120 K.

Temperature 180 K 120 K

Formula weight 239.06 239.06

Wavelength (Å) 0.71073 0.71073

Crystal system Orthorhombic Monoclinic

Space group Pnnm P21/n

Unit cell dimensions a¼8.0553(8) Å a¼8.0545(8) Å

b¼8.3750(9) Å b¼8.3622(9) Å

c¼5.8818(6) Å c¼5.8755(6) Å

a¼901 a¼901

b¼901 b¼90.0012(15)1

g¼901 g¼901

Volume (Å3) 396.80(7) 395.73(7)

Z 4 4

rcalc (Mg m�3) 4.002 4.012

m (mm�1) 11.021 11.051

F(000) 456 456
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Table 2 (continued )

Temperature 180 K 120 K

Crystal size (mm3) 0.20�0.18�0.17 0.20�0.18�0.17

y (deg.) 3.51–26.23 2.44–26.25

Index ranges �9’h’9 �9’h’9

�9’k’10 �10’k’9

�7’l’6 �6’l’7

Reflections collected 2702 2925

Independent reflections 419 [Rint¼0.0250] 726 [Rint¼0.0294]

Absorption correction Empirical Empirical

Max. and min. transmission 0.2486 and 0.2166 0.2479 and 0.2160

Refinement method FMLS on Fo
2 FMLS on Fo

2

Data/restraints/parameters 419/0/48 726/0/38

Goodness-of-fit on Fo
2 1.384 1.173

Final R indices [I42s(I)] R1¼0.0273, wR2¼0.0729 R1¼0.0311, wR2¼0.0790

R indices (all data) R1¼0.0276, wR2¼0.0732 R1¼0.0316, wR2¼0.0793

Largest diff. peak and hole/(e Å�3) 0.700/�1.707 1.258/�1.619

Table 3
Fractional atomic coordinates and atomic displacement parameters (equivalent

for non-hydrogen atoms, and isotropic for the hydrogen atom) of libethenite at

180 K and 120 K.

Atom x y z U (Å2)

High-temperature phase, 180 K, refined in Pnnm

Cu1 0 0.5 0.24909(9) 0.0053(3)

Cu2 �0.36188(7) 0.37494(7) 0.5 0.0067(3)

P �0.23315(15) 0.25163(14) 0 0.0034(3)

O1 �0.1338(4) 0.4118(4) 0 0.0044(7)

O2 �0.3417(3) 0.2390(3) 0.2112(4) 0.0087(6)

O3 �0.1021(5) 0.1160(4) 0 0.0131(9)

O4 �0.1239(4) 0.3977(5) 0.5 0.0049(8)

H �0.094(8) 0.314(8) 0.5 0.001(16)

Low-temperature phase, 120 K, refined in P21/n

Cu1 1.00044(18) 0.49997(11) 0.24924(11) 0.0041(2)

Cu2 0.63811(8) 0.37513(8) 0.51307(16) 0.0047(2)

P 0.76695(16) 0.25124(15) 0.0061(3) 0.0031(3)

O1 0.8662(4) 0.4109(4) 0.0013(9) 0.0033(7)

O2 0.6490(7) 0.2463(5) 0.2074(8) 0.0067(11)

O3 0.8969(5) 0.1153(4) 0.0289(8) 0.0052(9)

O4 0.8764(4) 0.3969(4) 0.4979(10) 0.0027(7)

O21 0.6688(7) 0.2308(5) �0.2158(7) 0.0043(10)

H 0.917(9) 0.297(8) 0.483(15) 0.011(17)

Table 4
Selected bond lengths in Cu2PO4OH at 180 K and 120 K.

180 K 120 K

Bonda
Distance (Å) Bondb

Distance (Å)

Cu1–O1 1.963(2) Cu1–O1 1.961(5)

Cu1–O1#1 1.963(2) Cu1–O4 1.968(5)

Cu1–O4#2 1.977(2) Cu1–O1#1 1.969(5)

Cu1–O4 1.977(2) Cu1–O4#2 1.984(5)

Cu1–O2#3 2.385(2) Cu1–O21#3 2.367(5)

Cu1–O2#4 2.385(2) Cu1–O2#4 2.399(5)

Cu1–Cu1#1 2.9302(11) Cu1–Cu1#1 2.9288(13)

Cu1–Cu1#2 2.9516(11) Cu1–Cu1#2 2.9467(13)

Cu2–O4 1.926(4) Cu2–O4 1.930(4)

Cu2–O3#5 1.937(4) Cu2–O3#5 1.946(4)

Cu2–O3#4 2.039(4) Cu2–O21#6 2.014(5)

Cu2–O2 2.051(3) Cu2–O3#4 2.043(4)

Cu2–O2#6 2.051(3) Cu2–O2 2.096(5)

Cu2–Cu2#7 3.0560(12) Cu2–Cu2#7 3.0553(13)

P–O2#8 1.523(3) P–O2 1.518(5)

P–O2 1.523(3) P–O21 1.534(5)

P–O3 1.551(4) P–O3 1.551(4)

P–O1 1.562(4) P–O1 1.556(4)

O4–H 0.74c O4–H 0.97c

a Symmetry codes: #1 �x, �yþ1, �z; #2 �x, �yþ1, �zþ1; #3 xþ1/2,

�yþ1/2, �zþ1/2; #4 �x�1/2, yþ1/2, �zþ1/2; #5 x�1/2, �yþ1/2, zþ1/2; #6

x, y, �zþ1; #7 �x�1, �yþ1, �zþ1; #8 x, y, �z.
b Symmetry codes: #1 �xþ2, �yþ1, �z; #2 �xþ2, �yþ1, �zþ1; #3 xþ1/

2, �yþ1/2, zþ1/2; #4 �xþ3/2, yþ1/2, �zþ1/2; #5 x�1/2, �yþ1/2, zþ1/2; #6

x, y, zþ1; #7 �xþ1, �yþ1, �zþ1.
c Refined without constraints.
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data (b¼90.083(1)1). The difference can be attributed to twinning
of the single crystals below the phase transition temperature of
160 K. It should be emphasized that no twinning was observed at
180 K. Therefore, the twinning is a result of slight distortions at
low temperatures. The structural distortion is very small. There-
fore, a magnetic spin-lattice model is hardly affected and remains
very close to a weakly interacting square-spin cluster model with
one exchange constant J [27,29]. Indeed, no anomalies were
observed in the magnetic susceptibilities at 160 K. On the other
hand, for the interpretation of magnetic excitations and inelastic
neutron diffraction data the consideration of two non-equivalent
exchange constants, J1 and J2, may be necessary.

In conclusion, we demonstrated that Cu2PO4OH shows a
structural phase transition from the low-temperature P21/n phase
to a high-temperature Pnnm phase at 160 K without any addi-
tional transitions above room temperature [11]. Cu2AsO4OH is
monoclinic at room temperature and, therefore, one might expect
a high-temperature phase transition to a Pnnm phase. The P21/n–
to–Pnnm transition may be a general feature of the adamite-type
compounds, M2XO4OH. Taking into account the fact that this
transition has been overlooked in Cu2PO4OH in the past, a re-
investigation of the low-temperature structural properties of the
other members may be a worthwhile exercise.
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