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Ag2Cu3Cr2O8(OH)4, a new Ag-Cu-Cr-O layered mixed oxide prepared by soft hydrothermal 
heterogeneous reactions is reported. The new phase is an oxohydroxide and presents a structure with 
alternating brucite-like Cu-O and Ag-O layers and connected by individual chromate groups. The 
crystallographic structure has been solved and refined from high resolution powder X-ray diffraction data 
and is supported by density functional theory calculations yielding a triclinic, space group P1�, a = 
5.3329(1) Å, b = 5.3871(1) Å, c = 10.0735(1) Å, α = 80.476(1) °, β = 87.020(1) °, γ = 62.383(1)°. Bond 
valence sums suggest the formulation Ag+2Cu2+3Cr6+2O8(OH)4, an electronic state fully supported by X-
ray photoelectron spectroscopy (XPS) and Cr K-edge X-ray absorption near edge structure (XANES) 
measurements.  Ag2Cu3Cr2O8(OH)4 exhibits bidimensional Cu-O-Cu ferromagnetic correlations that are 
apparent at much higher temperatures than in other similar Cu-O layered structures, without coupling 
between Cu-O layers which represents a unique case in the recent family of silver copper oxides. The role 
of Ag inducing bidimensionality in copper oxides is therefore expanded further with the presence of 
chromate anions. Ab initio calculations using density function theory show that the electronic states 
involved originate mainly from Cu and OH orbitals, with minor contributions from Cr and the O atoms 
linking the Cr tetrahedra to the brucitic Cu-O layer, and almost no contribution from Ag. Further modeling 
of the in-plane magnetic interactions between Cu atoms suggests that coupled magnetized stripes are 
responsible for the observed behavior. The results are discussed in relation with previous Ag-Cu mixed 
oxide phases where metallic behavior or ferro-antiferro transitions had been observed. The structure of 
this new Ag-Cu-O phase as compared with previous silver copper oxides supports the conclusion that Ag-
Cu layered ordering is favored in oxidizing conditions. 

 

1.Introduction 

In the search of new bidimensional mixed copper oxides, silver has been a surprise yielding new layered 
Ag-Cu-O phases with significant potential in terms of  electronic properties and structures, and possible 
implications in fields such as high temperature superconductivity,1,2 multiferroics,3 energy storage,4 all-
oxide solar cells,5–7 microelectronic devices,8,9 or transparent electronics.10,11 Previously, copper oxide 
phases had shown great interest in cases such as Cu2O combined with ZnO for ultra-low cost solar cells,12–

15 p-type transparent Cu- based oxides such as CuAlO2 or Cu2O,10,16–18 as well as high Tc 
superconductors,1,2 and their applications had been expanded further by doping. With an initial objective 
focus on designing layered copper oxides resembling those high Tc superconductors, in particular Ag 
joining Cu-O layers instead of other toxic elements as mercury,19 our group developed the first silver 
copper mixed oxide.20,21 Surprisingly, no binary Ag-Cu-O phases are known to exist in nature, despite the 



existence of mixed sulfides or phosphates and other complex oxychloride phases.22 Although it was 
considered that silver would impose the need of high pressure conditions to be part of the copper oxide, 
the soft chemistry reactions described below show otherwise and have yielding us to a rich chemistry and 
phases with relevant properties. This first silver-copper oxide, Ag2Cu2O3, was obtained by an acid base 
slow process, and presents a three-dimensional structure resembling that of natural mineral 
paramelaconite Cu2Cu2O3, containing Cu+ and Cu+2 ions.20 In a oxygen- doping attempt, electrochemical 
direct solid state oxidation of Ag2Cu2O3 at room temperature yielded Ag2Cu2O4  (also named AgCuO2),23–25 
a phase with  an additional oxygen atom per Cu   that could also be prepared from single silver and copper 
salts or metals, and by oxidation with ozone26 or persulfate27 ions. Significantly, Ag2Cu2O4  crystallizes in a  
2D crednerite structure with alternating Ag and Cu layers,  and possesses a peculiar electronic structure in 
which Ag and Cu present intermediate oxidation states (Ag(1+)+, Cu(2+)+) and presents charge 
delocalization between all the elements, including oxygen atoms, as shown by X-ray photoelectron 
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) experiments.25 Accordingly,  Ag2Cu2O4  
presents unusually high conductivity28,29 and Pauli paramagnetism, although not superconductivity. It is 
remarkable that a solid state transformation occurs at room temperature and in alkaline aqueous media 
and involving the change from a 3D to a 2D structure. Oxygen intercalation had been observed before in 
layered copper oxides, as La2CuO4  intercalates up to 0.14 O atoms per Cu,29,30 also a room temperature 
process in which it becomes superconducting. However, the extent of oxygen intercalation in Ag2Cu2O3, 
(one oxygen intercalated per Cu atom and up to 1.3 in the case of using ozone), the solid state process 
itself, and the ion mobility suspected, suggest that new possible phases may be formed depending on the 
oxidizing conditions using soft chemistry processes and very low temperatures. In fact, synthesis based on 
soft hydrothermal treatments at very low temperatures have shown significant changes in morphology 
and also have yielded new phases, a fact that supports the previous assumption.28,29 

 Other oxidations reactions have been explored in our lab aiming to understand the chemistry and 
the possible new properties and solid state transformations at low temperatures in this Ag-Cu family. 
Thus, oxidation of Ag and Cu precursors in presence of KMnO4 has yielded Ag2CuMnO4  in very soft 
hydrothermal conditions,31 with Ag and Cu  also ordered in a 2D arrangement, and crystallizing  in a 2D 
delafossite structure with Ag in the A layers and Cu and Mn in the B layers. In this example the oxidizing 
agent gets incorporated into the structure, while persulfate does not. The oxide is a p-type 
semiconductor, has Ag+1 and Cu+2 oxidation states and it presents much lower conductivity than AgCuO2 
since no charge delocalization occurs. But it shows ferromagnetic coupling within the Cu-Mn-O layers 
(with M-O-M angles near 90º) and antiferromagnetic coupling at lower temperature among layers. The 
role of Ag+ d10 ions connecting the layers is thus relevant within the structure, since it induces 
antiferromagnetic coupling.  Those pioneering works have awaken the interest in the wide range of Ag-
Cu-O structures and electronic properties, possible multi-centered mixed valence species and 
bidimensional arrangements in the Ag-Cu family. Other new members have been reported,32–34 including  
phases such as high temperature high pressure perovskite AgCu3V4O12

32 which has mixed valence states. 
In all cases, the new Ag-Cu mixed oxides35 have found significant value in catalysis, energy storage or 
transparent electronics.36,37 The electronic structure of this family has also received interest from a 
predictive theoretical point of view with recent publications of ab initio studies on the possibility of other 
Ag, Cu, and Au ternary oxides.38  

This work shows an alternative set of oxidizing conditions that yield a new bidimensional phase Ag-Cu-Cr 
mixed oxide with formula Ag2Cu3Cr2O8(OH)4, again with significant magnetic properties. Ferromagnetic 
coupling is observed between copper ions in the Cu-O layers, but, as opposed to Ag2CuMnO4, layers are 



isolated magnetically from each other.  The new compound has been obtained by a low temperature 
hydrothermal reaction in oxidizing conditions that contain dichromate but require larger temperature 
than the previous phases and the usual oxidized silver precursor, AgO, to prevent formation of metallic 
silver. The resulting electronic states are the usual Ag+, Cu+2 and Cr+6. The structure has been solved by 
Patterson function direct methods from powder X-ray diffraction data. X-ray absorption near edge 
structure (XANES) at the Cr K-edge and XPS results confirm the metal oxidation states deduced from 
structure refinement, and electronic structure calculations support structure resolution and explain the 
interactions in the structure and within the bidimensional Cu-O layers. 

2.Experimental 

2.1 Synthesis. In a typical synthesis, 0.13 g of AgO (Aldrich), 0.39 g of CuSO4·5H2O (Fluka p.a.) and 0.09 g 
of K2Cr2O7 (Sigma Aldrich ACS reagent 99%) were mixed in 12 ml of distilled water and stirred vigorously. 
Subsequently, 0.20 g of solid KOH were added to the suspension and it was stirred for 1 minute. The 
suspension was then transferred to a 23 ml TeflonTM-lined stainless steel Parr autoclave and introduced in 
an oven at 120 °C for 10 h. After natural cooling, the resulting precipitate was filtered, washed with water 
and dried at 50 °C. The same phase could also be obtained using 0.096 g of CrO3 (instead of dichromate) 
and 0.125 g of NaOH. The new phase has been obtained by low temperature hydrothermal reaction, 
similar to our previous reports for other Ag-Cu-O phases.28,31 As for the preceding silver-copper oxides, 
AgO was chosen as Ag precursor to prevent reduction to metallic silver. The oxidant K2Cr2O7 is not enough 
in these hydrothermal conditions to prevent silver reduction unless AgO is used. Although AgCuO2 may be 
prepared from Ag+ precursors,25 AgO has been proven to result optimal in non electrochemical conditions, 
as in the synthesis of Ag2CuMnO4, preventing the formation of metallic silver during the reaction.31 When 
using suspensions of solid precursors, such as AgO, the reaction kinetics are affected as well as the phases 
obtained and their morphologies (as it is the case for the reaction of solid Ag2O with pyrrole monomers to 
yield tortuous hybrid nanostructures),51 but in the case of silver, although the mechanism of such 
heterogeneous solid-state redox reactions is not fully understood, the use of AgO has proved to be a 
versatile reagent for preparation of Ag oxides with different oxidation states for Ag. Although the phase 
has been obtained  in pure form using Na2Cr2O7 in excess as chromium precursor (with KOH as mineralizer 
tipically used in hydrothermal reactions52), it can also be obtained using CrO3 as chromium precursor and 
NaOH as mineralizer. 

2.2 Characterization.  Powder X-ray diffraction (XRD) patterns were collected using a rotating anode 
Rigaku Rotaflex Ru-200B diffractometer with CuKα radiation (λ1 = 1.5406 Å and λ2 = 1.5444 Å) with a step 
size of 0.02° and using a scanning rate of 0.16°/min. Scanning electron microscopy (SEM) images were 
obtained using a Philips XL-30 field-emission gun (FEG) and a JEOL JSM 6300. Energy dispersive analyses 
(EDX) analyses were performed but were not used for stoichiometry analyses since oxygen contents were 
showing that redox changes were seen to occur under the electron beam in that case. Magnetic 
properties were measured in a Quantum Design SQUID magnetometer, using a gelatin capsule to hold the 
well packed solid, with the centre of gravity of holder and sample coinciding. Zero field and field cooled 
measurements were compared for possible superconducting properties. Final susceptibility data was 
measured from 5 K to 300 K at 5000 Oe. Additionally, hysteresis curves were measured from 0 to 50000 
Oe, at 5 K and 200 K. XPS measurements were performed at room temperature using a PHI 5500 
Multitechnique System (from Physical Electronics) with a monochromatic X-Ray source (Aluminum Kα: 
1486.6 eV and 350 W) placed perpendicular to the analyzer axis. The analyzed area was a circle of 0.8 mm 
in diameter, and the selected resolution for the spectra was 187.5 eV of Pass Energy with 0.8 eV/step for 



the general spectra, and 11.75 eV of Pass Energy and 0.05 eV/step for the high resolution spectra. XANES 
data were measured in transmission mode on beamline B18 at the Diamond Light Source (UK) at the Cr K-
edge.39 Pellets were prepared by grinding ~20 mg of the oxide samples into ~80 mg of polyethylene 
powder before being pressed into 13 mm diameter pellets of thickness ~1 mm. Data were also recorded 
from the crystalline reference materials Cr2O3, CrO3 and Na2Cr2O7 and simultaneous measurement of a 
chromium foil was used to provide calibration. Normalization of the data was performed by subtracting 
linear pre-edge and polynomial post-edge backgrounds using the software Athena.40 

2.3 Synchrotron Powder X-ray data collection and determination. Synchrotron data of the samples in a 
capillary were acquired with two different set-ups: i) for indexing, the sample was illuminated with a 
microfocussed beam and the corresponding 2D diffraction pattern was collected on a flat CCD detector 
(λ=0.4243 Å); ii) for crystal structure solution and Rietveld refinement, data were obtained by focusing the 
beam onto a 1D Mythen-II microstrip detector (λ= 0.70558 Å determined from peak positions of a NIST Si 
standard) to reduce peak broadening caused by the capillary. All experiments were performed at 
beamline 4 at ALBA synchrotron.41 Indexing was carried out using TREOR90.42 The model-free profile 
refinement was made using Dajust,43 using Mythen-II data. The crystal structure was solved in 𝑷𝑷𝟏𝟏� by 
applying cluster-based Patterson-function direct methods (Xlens_PD6).44 The number of reflections was 
253 for a resolution limit fixed at dmin=1.28 Å, which represented 63 refined phases. The default number 
of phase-refinement trials was 50. The bond-valence method45 was used to estimate the internal 
consistency of valences of both cations and oxygen  in the refined structure.  

2.4 Theoretical Simulations. Density functional Theory (DFT) and DFT+U ALBERTO? U ?calculations were 
used to complement the structural refinement process and to investigate the electronic structure effects 
leading to the ferromagnetic coupling within the Cu layers. We employed the SIESTA code,46 which uses 
norm-conserving pseudopotentials and finite-range numerical-orbital basis sets. For the structure-related 
work we performed geometry optimizations starting from the preliminary diffraction refinement data, 
using a conjugate-gradient  algorithm to minimize the forces on the atoms. For the analysis of the 
electronic structure we used the tools included in the SIESTA distribution to compute band structures and 
partial densities of states.  We employed double-theta plus polarization basis sets optimized with a 
fictitious external pressure of 0.05 GPa.47 The real-space mesh had a cutoff of 350 Ry and the k-point 
sampling was generated with an effective length cutoff of 16 Å,48 both appropriately converged. We used 
a gradient-corrected PBE exchange and correlation functional,49 and the DFT+U corrections were 
implemented following the scheme in Ref.50 Monte Carlo simulations of a simple Ising model were used to 
explore magnetic interactions in the material, employing a simulation domain with 40 × 40 unit cells, each 
containing three sites in a hexagonal arrangement to represent the Cu atoms in the brucitic layers of the 
compound. The standard Metropolis algorithm was used, and susceptibility data obtained from the 
analysis of the magnetization fluctuations.  

3.Results and Discussion 

As for previous Ag-Cu oxides made by hydrothermal reactions, the Ag-Cu-Cr-O morphology obtained is 
greatly dependent on experimental parameters.  This new phase, formulated as Ag2Cu3Cr2O8(OH)4  from 
structure resolution described below, precipitates as an intense ruby-red powder made of micron size 
platelet-shaped crystals (See inset in  Figure 1). The size of the final crystals, and their agglomeration, 
depends also on the reaction parameters, in particular reaction time, excess of dichromate used and 
reaction temperature yielding to preferential orientation. The resulting crystals are larger than those 



obtained  for previously reported AgCuO2 or Ag2CuMnO4  (microns vs. nanometers,  respectively),28,31 
using similar reaction times.   

Powder X-ray diffraction patterns of the new compound were obtained from samples prepared under 
different synthesis conditions (Figure 2(a)). Some variations of intensity due to some preferential 
orientation were observed depending on the microstructure. For that reason, the material used for the 
crystal structure determination was measured in a glass capillary (µR= 2.95) after being carefully ground 
in an agathe mortar to reduce preferential orientation (March coefficient is 1.07). 

 

 

Figure 1.  SEM images of Ag2Cu3Cr2O8(OH)4 .A macroscopic view of Ag2Cu3Cr2O8(OH)4 powder is shown in 
the inset of (a). 

 

The crystal structure of the new Ag-Cu-Cr-O mixed phase was solved by applying cluster-based Patterson-
function direct methods in 𝑷𝑷𝟏𝟏� (see supplementary material for complete details).44 The Fourier map of 
the trial with best Figure of Merit (FOM) showed most of the Cu and Ag atoms.  The structure was 
completed by Fourier syntheses coupled to Rietveld refinements. Figure 2(b) shows the experimental and 
refined patterns while Table 1 summarizes relevant crystallographic data and refinement details. The 
positions of the H atoms were determined by DFT calculations (see below). Resulting atomic positions are 
included in the Supplementary Material. 



 

Figure 2. a) Raw XRD patterns of the powders obtained from several reactions where R1 represents the 
synthesis described here. Insets show expanded regions where differences in peak intensities for different 
products can be clearly seen. b) final profile fit from Rietveld refinement of the structure of the novel Ag-
Cu mixed compound Ag2Cu3Cr2O8(OH)4. 

 

Table 1. Crystallographic data for Ag2Cu3Cr2O8(OH)4.  

Chemical formula Ag2Cu3Cr2O8(OH)4 

Crystal color  Ruby red 

Crystal habit  Quasi-hexagonal 
plates 

a (Å) 5.3329(1) 

b (Å) 5.3871(1) 

c (Å) 10.0735(1) 

α (º) 80.476(1) 

β (º) 87.020(1) 

γ (º) 62.383(1) 

Volume (Å3)         252.79(1)  

Z                   1 

Formula weight (g mol-1)           706.39 

Crystal System           Triclinic 

Space group (No.)            𝑃𝑃1�, (2) 

Measurement Temperature 
(K) 

300  

a)

b)
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Wavelength (Å) 0.70558 

Calculated density (g/cm3) 4.614 

Rp = 
  ∑ �𝒚𝒚𝒊𝒊,𝒐𝒐𝒐𝒐𝒐𝒐 − 𝒚𝒚𝒊𝒊,𝒄𝒄𝒄𝒄𝒄𝒄�𝒊𝒊 ∑ 𝒚𝒚𝒊𝒊,𝒐𝒐𝒐𝒐𝒐𝒐𝒊𝒊�  

0.069 

RF = 
  ∑ |𝑭𝑭𝒐𝒐𝒐𝒐𝒐𝒐 − 𝑭𝑭𝒄𝒄𝒄𝒄𝒄𝒄|𝑯𝑯 ∑ |𝑭𝑭𝒐𝒐𝒐𝒐𝒐𝒐|𝑯𝑯⁄  

0.044 

RB = 
  ∑ |𝒀𝒀𝒐𝒐𝒐𝒐𝒐𝒐 − 𝒀𝒀𝒄𝒄𝒄𝒄𝒄𝒄|𝑯𝑯 ∑ |𝒀𝒀𝒐𝒐𝒐𝒐𝒐𝒐|𝑯𝑯⁄  

0.092 

Rwp = 0.088 

Rwp=�
∑ 𝒘𝒘𝒊𝒊�𝒚𝒚𝒊𝒊,𝒐𝒐𝒐𝒐𝒐𝒐−𝒚𝒚𝒊𝒊,𝒄𝒄𝒄𝒄𝒄𝒄�

𝟐𝟐
𝒊𝒊
∑ 𝒘𝒘𝒊𝒊𝒚𝒚𝒊𝒊,𝒐𝒐𝒐𝒐𝒐𝒐𝟐𝟐𝒊𝒊

�
𝟏𝟏 𝟐𝟐⁄

 where 𝒘𝒘𝒊𝒊 = 𝟏𝟏/𝝈𝝈𝒊𝒊,𝒄𝒄𝒄𝒄𝒄𝒄𝟐𝟐  

 

The crystal structure of the title compound consists of two alternating layers: a brucite-like layer of 
composition [Cu3(OH)4O2]2-, with one copper atom sitting on an inversion center, and a brucite-like layer 
of composition [(Ag2,□ )O6]10-with vacancies in one third of the positions. Therefore a bidimensional 
arrangement of MO6 edge-sharing octahedra (M = Cu, Ag in each layer) occurs. Both layers are held 
together by two tetrahedral Cr6+O4 units (see Figure 3(a)). Although X-ray diffraction is not sensitive to H 
atoms, the presence of OH groups is required for charge balance and it is typical of brucite-like structures, 
together with the expected irregularities for the coordination polyhedra of Cu2+ (Jahn-Teller effect) and 
Ag+ (possible trend to linearity), prompted us to use DFT calculations to elucidate the H positions and to 
support the refinements.  O 1s XPS results confirm the existence of OH- entities even from a 
semiquantitative point of view. (See Figure 4, and Supplementary Material S1) The octahedra in the Cu 
layer are distorted due to the Jahn-Teller effect associated with Cu2+. In contrast, in the case of the Ag 
sheet, the Ag octahedra are remarkably regular, not usual for Ag(I). For the initial restrained Rietveld 
refinement, the expected mean cation-O distance for each polyhedron was introduced. Starting from a 
set of preliminary-refinement atomic positions, we used the SIESTA code46 to optimize the internal 
coordinates while maintaining the lattice vectors at their experimental values. The results were broadly 
compatible with the average bond-distances from initial refinement of the coordination polyhedra. The 
extra DFT coordinate information was fed back into a further refinement in the form of individual 
restraints, leading to the final structure (see refined atomic coordinates and distances in Tables S1 and 
S2). The introduction of the DFT restraints in the Rietveld refinement produced no residual increase 
[Rwp=0.088, χ=1.51] and confirmed the occurrence of long Jahn-Teller Cu-O bonds, as well as the overall 
structure. Finally, bond valence analysis45,53 was performed (see Table 2) to check the internal chemical 
consistency of the refined model. Results are coherent and  indicate the presence of  Ag+, Cu2+ , Cr6+ and 
O2- oxidation states.  

Table S2 shows the M-O  bond lengths of the structure. Figure 3(a) and (b) show a perspective view of the 
structure layered arrangement and the in-plane bond lengths and angles that are relevant for the 
electronic structure of the material.  



 

 

Figure 3. a) Perspective view of the crystal structure of the title compound showing the alternating Cu 
(blue) and Ag (grey) brucite-like layers held together by Cr6+ (purple). b) Upper view of the copper brucite-
like layer showing the copper coordination polyhedra, where angles Cu-O-Cu have near 90° values. (Blue: 
Cu-O bond lengths in Å; green: Cu-O-Cu bond angles in º). 

 

The new compound was studied by XPS in order to verify the oxidation states obtained from the 
refinement. XPS survey spectra of the powder showed all the elements present in the structure, with no 
other impurity being present (see Supplementary Information for the survey spectrum). Ag3d peaks, at 
374 and 368 eV, agree with those reported for Ag1+, as in Ag2Cu2O3 or Ag2CuMnO4, and as opposed to 
AgCuO2 that shows a splitting of Ag peaks and a shift to lower binding energies due to the higher 
oxidation state of silver (regardless of the synthetic method used 28). In the case of copper, Cu2p peaks at 
935 and 955 eV are present. The obtained binding energies for Cu are slightly larger than for Ag2Cu2O3 or 
Ag2CuMnO4, which present the Cu2p peaks at 933 and 934,2 eV, respectively,24,31 but are still consistent 
with reported values for Cu2+.54–56 Also, the presence of the satellites at higher biding energy, which are 
absent for Cu3+,57 supports the oxidation state of Cu2+ in Ag2Cu3Cr2O8(OH)4. For Cr, the two obtained peaks 
at 579.2 and 588.5 eV correspond to Cr6+ ions.54,58 Finally, in the case of oxygen, the O1s peak is quite 
broad and anisotropic, and can indeed be deconvoluted into two signals that would correspond to O2– and 



OH–, at 632.5 and 630.5 eV, respectively24,31 (see Figure 4). Deconvolution based on that hypothesis 
renders a OH–/Ototal ratio ≈ 25%, and therefore, (taking into account the possible error in deconvolution), 
is in good agreement with the observed OH–/Ototal ratio from the structure refinement (33%) and confirms 
the presence of OH– groups in the proposed brucite-related structure. 

Table 2. Bond valences (v) for the title compound computed from individual cation–O distances (d in Å) 
with expression v = exp((Rcation- d)/0.37) where Rcation values are, respectively, 1.679, 1.805 and 1.794 for 
Cu2+, Ag+ and Cr6+.45,53 ΣvCations gives the sum of valences from the cations bonded to the anion; likewise, 
ΣvO represents the sum of the contributions of the metals to O atoms. * The factor 2 is introduced to take 
into account the contributions to Cu1 of the O1, OH1 and OH2 related by the symmetry center. 

 

 Cu1 Cu2 Ag1 Cr1 Σ vO 

O1 0.21 0.20, 0.37  1.15 1.93 

O2   0.17, 0.22 1.38 1.77 

O3   0.20, 0.17  1.36 1.73 

O4   0.19, 0.19 1.48 1.86 

OH1 0.43 0.41, 0.22   1.06 

OH2 0.35 0.37, 0.40   1.12 

Σ vCations 0.99 x 2*=1.98 

 

1.97 1.14 5.37  

 

The XPS Cr2p surface results were also confirmed by XANES Cr K-edge spectra, which indicate the 
presence of Cr6+. The strong pre-edge feature at ~5992 eV is the formally forbidden 1s-3d transition that is 
seen in the materials with tetrahedrally coordinated Cr, where a centre of symmetry is absent. A closer 
look at the pre-edge feature reveals that for Ag2Cu3Cr2O8(OH)4 the peak maximum appears at slightly 
lower energy than for K2Cr2O7 and CrO3, and that it is slightly more intense (see Figure 5 inset). This is 
consistent with the presence of isolated chromate units, as opposed to dichromate dimmers or CrO3-like 
polymeric chains, as shown by Farges who studied a variety of chromium oxide materials.59 It can also be 
seen that the post-edge region of the XANES spectrum (beyond 6025 eV) of Ag2Cu3Cr2O8(OH)4 is very 
different from that in K2Cr2O7 and CrO3, again in agreement with the refined structure, in which individual 
CrO4

2- units , not condensed, link the brucite-like Cu and Ag layers. 



 

Figure 4. XPS spectra of Ag2Cu3Cr2O8(OH)4 for the Ag 3d, Cu 2p, Cr 2p and O 1s lines, (and satellites) and 
deconvolution for O 1s peaks (blue corresponding to O2- and green corresponding to OH-).  

 

 

 

Figure 5. Cr K-edge XANES spectra for Cr2O3, CrO3, Na2Cr2O7 and Ag2Cu3Cr2O8(OH)4 (ACCO). The inset 
shows an expanded region of the pre-edge feature with the position of the 1s-3d transition as determined 
by peak fitting.  

 

χmolar and 1/χmolar vs. T curves (Supplementary material Figure S2) apparently do not show spontaneous 
ordering. However, magnetic susceptibility measurements for Ag2Cu3Cr2O8(OH)4 show room temperature 
values of µeff (defined as √( 8χmolarT))  around 3.2 µB, (cgs units) slightly above spin-only values for three 
uncoupled Cu2+   
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ions per unit formula, 3.0 µB (Figure 6(a)). As the temperature is lowered the moment starts increasing 
significantly at 190 K. The large enhancement in µeff indicates the presence of ferromagnetic exchange 
associated to the compound structural features described above, with Cu-O-Cu angles near 90º. For those 
angles, and within a 10º range, the orbital near-orthogonality dampens the natural antiferromagnetic 
coupling  (Goodenough-Kanamori rules).60–63 The observed µeff behavior in the range 100-300 K resembles 
that of previously published Ag2CuMnO4,31 also with layered M-O layers (M = Cu and Mn disordered) in 
which the angles are close to 90º.  

Ag2Cu3Cr2O8(OH)4 magnetization curves obtained at low and high temperatures are shown in Figure 6(b). 
Magnetization values at 5 K are almost but not completely saturated at the maximum field used of 50000 
Oe, reaching 0.8 µB per Cu atom, a value close to the 1 µB expected for complete saturation of spin-1/2 
units. No hysteretic behavior is seen, which would be consistent in principle with a very soft 
ferromagnetism or (super) paramagnetism. It is worth remarking that other traditional ways of expressing 
χmolar and 1/χmolar vs. T curves (Supplementary material Figure S2) are not sensitive  to show the described 
behavior when similar with ferromagnetic couplings usually found in molecular cluster systems without 
long range order.64 

 

Figure 6. a) Effective magnetic moment defined as √(8 χmolarT) versus T (K), expanded in the inset near the 
start of its enhancement. b) Magnetization (µB per Cu atom) Hysteresis curves (0-5 Tesla)  at 5 K (blue) 
and at 200 K (red). See also Figure S2 in supplementary material for χmolar and 1/χmolar behavior. 
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Two dimensional ferromagnetic coupling in copper oxides is not common but is has been described in 
other cases where Cu-O-Cu bond angles are near 90°, as in this case.65,66 and some minerals with brucite 
copper have long range order.67 However, for layered hydroxo copper species with this type of structure 
the increase in µeff in those cases is apparent only below 25-40 K.65,66 It is very significant, therefore, the 
high temperature at which clear ferromagnetic interactions are observed in this phase. To the best of our 
knowledge, this example is unique in terms of the ferromagnetic correlation found in the Cu-O plane, 
even with no long range order and no hysteresis.  

Theoretical modeling of magnetic behavior: To better understand the magnetic properties of this 
compound we have carried out spin-polarized electronic-structure calculations within DFT and DFT+U, 
using the SIESTA code. As described above, the three non equivalent Cu atoms (blue, green, and yellow in 
Figure S3 and 7 for Cu1, Cu2, and Cu3, respectively) sit at the center of edge-shared distorted oxygen 
octahedra. Some of the oxygen atoms belong to OH groups, while the rest are part of Cr-centered 
tetrahedra. The octahedra for Cu2 and Cu3 have an edge with linking oxygens in two CrO4 groups, 
whereas in the case of Cu1 the CrO4 groups are at opposite extremes of the octahedron. (See also Figure 
S4). The chromate groups can be considered as running in lines parallel to the b lattice vector. 

 These geometrical considerations are relevant to picture the pattern of magnetic interactions in 
the Cu layer. Edge-sharing of the octahedra implies that there are, in principle, two superexchange 
bridges for every Cu-Cu interaction. Neglecting minor differences in bond lengths and angles, bridges 
come in two broad kinds, depending on whether the oxygen atom involved belongs to an OH or a CrO4 
group. With the aim of simulating the essential features we have semi-quantitatively modeled the 
magnetic interactions within a Cu layer with an effective Hamiltonian with three parameters, 
corresponding to three classes of double bridges: J1, both Cu-Cu paths including an O in a OH group; J2: 
one path through OH and another through an O in a Cr group; J3, both paths using O atoms in Cr groups. 
The model represents the energy of different spin configurations by a simple Ising model: 

𝑬𝑬 = −∑  𝑱𝑱𝒊𝒊𝒊𝒊𝒐𝒐𝒊𝒊𝒐𝒐𝒊𝒊<𝒊𝒊𝒊𝒊>     (Equation 1) 

where 𝒐𝒐𝒊𝒊 and sj are +1 or -1 for spin up or down on the Cu atoms, and the sum is over pairs of nearest 
neighbors i and j. We are neglecting minor variations in Cu-Cu distances and Cu-O-Cu angles within a 
given double-bridge class in this approximate model (which otherwise would need nine coupling 
parameters). The pattern of interactions can be seen on Figure 7.  

To estimate the values of J1, J2, and J3, we prepared the system in different spin configurations for the 
three non equivalent Cu atoms and iterated the DFT self-consistency cycle until convergence in the charge 
densities (majority and minority) was achieved. In all cases the initial spin pattern was maintained. 



 

Figure 7. Pattern of exchange interactions for Cu in the brucitic layer, represented by arrows (J1: red, J2: 
purple, J3: black). Oxygen atoms belonging to OH groups are depicted in red. Those associated to 
chromate groups are colored in brown (upper side of the layer) and white (lower side of the layer). 

 

To take into account the correlation effects for the Cu d electrons not appropriately accounted for in 
standard DFT, we also carried out calculations within the DFT+U approximation. The appropriate value of 
the effective Hubbard repulsion parameter U is not straightforward to determine. Here we have used a 
maximum value U = 6 eV, roughly estimated from the results of Himmetoglu et al for distorted forms of 
CuO,68 and performed calculations also at U = 3 eV to provide an intermediate reference.  

 The spin configurations that can be generated in the unit cell are: (𝒖𝒖𝒖𝒖𝒖𝒖) with three “up” spins, 
𝒅𝒅𝒖𝒖𝒖𝒖, in which the spin on Cu1 is opposite to those in Cu2 and Cu3, and 𝒖𝒖𝒅𝒅𝒖𝒖 and 𝒖𝒖𝒖𝒖𝒅𝒅, in which the spins 
of Cu2 and Cu3 are opposite to each other. The latter two are very close in energy, as expected from the 
structural features, and consistently with their equivalence in our model. Therefore, only three non 
equivalent spin configurations, are possible within the primitive unit cell providing just two energy 
differences. In order to have enough data to determine the three parameters of our model we doubled 
the cell along the a lattice vector to generate other configurations. In this extended cell we chose, apart 
from the reference fully polarized one 𝒖𝒖𝒖𝒖𝒖𝒖|𝒖𝒖𝒖𝒖𝒖𝒖, two zero-spin configurations, in which the spins in one 
half of the enlarged cell are opposite to those in the other half: 𝒖𝒖𝒖𝒖𝒖𝒖|𝒅𝒅𝒅𝒅𝒅𝒅 and 𝒅𝒅𝒖𝒖𝒖𝒖|𝒖𝒖𝒅𝒅𝒅𝒅. 

Table 3. Energies of the different spin configurations. Up (u) and down (d) patterns correspond to the spin 
orientations of the Cu atoms, in the unit cell or in a doubled cell along 𝒄𝒄. The energies are relative to the 
completely polarized “up” configuration, and are given in meV per cell. 



U 

(eV) 

∆E 

(duu) 

∆E 

(udu) 

∆E 

(uuu/ddd) 

∆E 

(duu/udd) 

J1 J2 J3 

0 49.3 8.0 16.8 98.5 1.0 5.66 -10.3 

3 22.1 2.2 0.7 44.1 ≈0 2.76 -4.42 

6 11.5 2.4 1.3 22.9 0.1 1.40 -1.84 

 

Table 3 gives the energies of the spin configurations considered with respect to the fully polarized ones 
(𝒖𝒖𝒖𝒖𝒖𝒖 and 𝒖𝒖𝒖𝒖𝒖𝒖|𝒖𝒖𝒖𝒖𝒖𝒖, respectively). As all the entries are positive, the configurations with complete 
alignment of spins are the lowest in energy, and the predicted ground state is thus ferromagnetic, 
although some of the energy differences are quite small, and in general they tend to decrease with 
increasing 𝑼𝑼. Before discussing the magnetic ordering features implied by these results, it is instructive to 
present an analysis of the electronic structure of the compound, starting with the case of U=0. The net 
ground-state spin of 3 𝝁𝝁𝑩𝑩 corresponds to the three unoccupied minority bands (in green) around -4.5 eV 
just above the gap in Figure 8(a). 

 

Analysis of the partial density of states (see Figure 8(b)) indicates that those bands originate mainly from 
the Cu atoms and from the O atoms bonded to H, with minor contributions from Cr and from the O atoms 
linking the Cr tetrahedra to the brucitic Cu layer. These hole electronic states have therefore a clear two-
dimensional character, being essentially confined to the brucitic Cu layers and the neighboring chromate 
groups. 

With the introduction of the on-site repulsion U the Cu-derived empty bands are pushed up, thus 
increasing the band gap. The density of states plot in the inset of Figure 8(b), computed for U=6 eV, shows 
that these bands now overlap in energy with another set, associated mainly with the Cr groups. The rest 
of the electronic structure is basically unchanged. For example, the valence band edge moves only slightly 
due to the downward movement of the Cu-derived full bands. Analysis of the orbital populations shows 
that the net magnetization is still associated mainly to the Cu atoms and to the oxygens in OH groups, as 
shown above for the U=0 case. 



 

Figure 8. a) Spin-polarized band-structure for the title compound. Red: up (majority) spin, Green: down 
(minority) spin. b) Partial density of states (PDOS) diagram showing the mainly Cu and O character of the 
hole bands extending from -4.6 to -4 eV in a). Inset: PDOS for the case of U = 6 eV. Note the use of a 0.1 
eV Gaussian broadening in the curves. Fermi levels, formally at the center of the gap, are indicated by 
dotted lines. 

 

Using the energies of the various spin configurations we can determine the three parameters of our 
model. For example:   

J1 = ∆E(uuu|ddd) / 16    (Equation 2) 

J2 = (∆E(duu) - 4 J1) / 8   (Equation 3) 

J3 = (∆E(udu) - 6 J1 - 4 J2) / 2  (Equation 4) 

(As a check, the parameters thus determined are consistent with the value of ∆E(duu|udd)). The J values 
are displayed in Table 3. The largest parameter in absolute value is J3, and is negative, implying an 
antiferromagnetic coupling between Cu2 and Cu3 in the direction perpendicular to b. J2 is positive, giving 
ferromagnetic coupling in a number of Cu-Cu links, and J1 is very small. It is noteworthy that the vanishing 
J1 is directly related to the difference in energy between the 𝒖𝒖𝒖𝒖𝒖𝒖|𝒅𝒅𝒅𝒅𝒅𝒅 and 𝒖𝒖𝒖𝒖𝒖𝒖|𝒖𝒖𝒖𝒖𝒖𝒖 configurations, 
implying that there is almost no cost for an alternating spin pattern along the a lattice direction. 



In order to investigate the competition between the different Js and their net effect on the magnetic 
ordering of the compound we performed Monte Carlo simulations with the effective Hamiltonian of 
Equation 1, considering a two-dimensional array of 40x40 unit cells, each with three sites corresponding 
to Cu1, Cu2, and Cu3. Appropriate averages were obtained over 80000 lattice sweeps, after proper 
thermalization. For our purposes of qualitative analysis it is adequate to use a simple Ising model, rather 
than a Heisenberg one, and to carry out classical rather than quantum MC calculations. We show on 
Figure 9 the temperature dependence of the averages < 𝒐𝒐𝒊𝒊𝒐𝒐𝒊𝒊 >, which measure the degree of correlation 
of the spin orientation in sites i and j, classified according to the type of J involved in their interaction, for 
the case U = 6 eV. 

 

 

Figure 9. Site correlations as a function of temperature. The curves are a guide to the eye, and are labeled 
by the 𝑱𝑱 parameter that enters into the corresponding term in Equation 1. Inset: Comparison of the 
computed 𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆 to the experimental data. 

 

Despite its size, J3 affects only one Cu-Cu link per cell, and is frustrated away at low temperatures by the 
ferromagnetic interactions, which are smaller but couple all the remaining links in the structure. The 
correlations become close to unity at very low temperatures, implying that ferromagnetic ordering will 
eventually be achieved for these parameter values, but the details of the actual ordering depend on the 
sign of J1, which is in practice impossible to compute accurately as it is too close to zero. 

Our model can also produce susceptibility data , by means of the fluctuation formula 

𝝌𝝌 ∝ 𝟏𝟏
𝒌𝒌𝑻𝑻

(< 𝑴𝑴𝟐𝟐 > −< 𝑴𝑴 >
𝟐𝟐

)    (Equation 5) 

where M is the total magnetization of the system. The computed temperature behavior of �𝒐𝒐𝒔𝒔(𝝌𝝌𝑻𝑻) is 
plotted in the inset of Figure 9, rescaled to match the high-temperature limit of the experimental 𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆 
curve in Figure 6(a). The broad features of the enhancement of 𝝁𝝁𝒆𝒆𝒆𝒆𝒆𝒆 are reproduced. The lowest 
temperatures have been left out of the comparison due to the uncertainty in the sign of J and the use of a 
classical simulation.  



The pattern of J interactions correlates with a structural feature which is relevant for the magnetic 
behavior: J2 and J3 link sites within "stripes" running along the b lattice vector, whereas J1 links Cu sites at 
the frontiers of the stripes (see Figure 10). A ferromagnetic J2 and a frustrated antiferromagnetic (AF) J3 
make these stripes ferromagnetically correlated, and a very small J1 means that there is either no inter-
stripe order or (at very low temperatures) a very weak antiferromagnetic or ferromagnetic stripe 
arrangement, depending on the actual value of J1. On the other hand, it is not clear whether one could 
consider the stripes as "super-paramagnetic" units, since, as shown in the Supplementary Information 
(Figure S5), their "ordering temperature" is likely to be below 5 K.  In any case we can explain qualitatively 
the observed ferromagnetic correlations and the fact that the material is experimentally very soft with 
vanishing remanence and coercivity. 

 

 

Figure 10. Sketch showing the outline of a ferromagnetically correlated stripe (shown in red). The stripes 
run parallel to the b lattice direction, and are also parallel to the lines of chromate groups on both sides of 
the layer (indicated here by the O1A and O1B oxygen sites in brown and white, respectively). Cu Cu2 Cu 2` 

 

The coupling between different Cu layers is expected to be extremely small, since there are two 
interposed layers, the Cr-based one (with Cr6+ formally in a d0 configuration), and the Ag-based. DFT 
calculations indeed showed a residual role for Cr in the hole bands, and a negligible one for Ag one.  
Indeed, DFT calculations, which already showed a residual role for Cr in the hole bands, and a negligible 
one for Ag, confirm that there is no change in energy when the spin configuration is changed in alternate 
Cu layers. This situation is different from the case of the reported Ag2CuMnO4,  where the single Ag layers 
allow long range antiferromagnetic coupling of the Cu and Mn layers through the large silver d10 ions.31 

In summary, the calculations qualitatively support the experimental results and suggest an interpretation 
for them, with a simple model for exchange interactions among copper ions in the compound.  

 



4.CONCLUSIONS 

 A new Ag-Cu-Cr-O mixed oxide has been obtained by  hydrothermal oxidizing reactions at low 
temperature. The new compound, with formula Ag2Cu3Cr2O8(OH)4, is red and forms as micron-size 
pseudo-hexagonal platelets, larger than previously prepared Ag-Cu oxides. We have used direct methods 
to solve the crystallographic structure of Ag2Cu3Cr2O8(OH)4, which crystallizes with a layered ordering 
containing alternating Ag-O and Cu-O brucite-type layers connected by chromate groups. The structure 
has been confirmed by XPS and XANES characterization and the electronic structure derived from DFT 
calculations. Ag2Cu3Cr2O8(OH)4 shows in-plane ferromagnetic coupling between copper ions with effective 
moment increasing rapidly at much higher temperatures than for other reported Cu-based brucitic 
structures, but there is no evidence of long-range magnetic order. Ab initio calculations and Monte Carlo 
simulations show that the magnetic interactions are two-dimensional in character, and suggest that 
weakly coupled magnetized stripes are responsible for the non-hysteretic behavior.  

Interestingly, Ag2CuMnO4,31 another layered Ag-Cu mixed oxide previously reported, also showed 
ferromagnetic coupling in the same type of 2D arrangement, but in that case it was accompanied by an 
antiferromagnetic interaction between layers, through silver atoms. In Ag2Cu3Cr2O8(OH)4, the existence of 
two layers (Cr and Ag) between the brucitic Cu layers makes the coupling purely bidimensional, a unique 
example in the field of silver copper oxides. The bidimensional magnetic coupling is also scarce enough to 
give additional interest from basic and applied points of view. The structure of this new Ag-Cu-O phase as 
compared with previous reported silver copper oxides such as Ag2Cu2O3 , Ag2Cu2O4  or Ag2CuMnO4 adds 
evidence to  the conclusion that Ag-Cu layered ordering is favored in heterogeneous oxidizing conditions, 
while the anion present in the process  imposing a coordination is relevant in the final structure. Layered 
structures result from the soft methods in oxidizing conditions, while high temperature methods seem to 
favour three-dimensional structures. These empirical correlations offer further insights for the discovery 
of new members in the sparse family of silver-copper oxides, in which a variety of electronic properties 
are being found.  
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