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Charge density wave properties of the quasi two-dimensional purple molybdenum bronze KMo 6 O 17

Keywords: Charge density waves, Molybdenum bronzes, STM, ARUPS, High magnetic fields

The purple molybdenum bronze KMo 6 O 17 is a quasi-two-dimensional compound which shows a Peierls transition towards a commensurate metallic CDW state. Electron spectroscopy (ARUPS), Scanning Tunnelling Microscopy (STM) and spectroscopy (STS) as well as high magnetic field studies are reported. ARUPS studies corroborate the model of the hidden nesting and provide a value of the CDW vector in good agreement with other measurements. STM studies visualize the triple-q CDW in real space. This is consistent with other measurements of the CDW vector. STS studies provide a value of several 10 meV for the average CDW gap. High magnetic field measurements performed in pulsed fields up to 55 T establish that first order transitions to smaller gap states take place at low temperature. These transitions are ascribed to Pauli type coupling. A phase diagram summarizing all observed anomalies and transitions is presented.

Introduction

The so-called purple bronze KMo 6 O 17 belongs to the class of the low dimensional conducting transition metal oxide bronzes which show anisotropic Fermi surfaces and therefore CDW instabilities [START_REF]Low Dimensional Properties of Molybdenum Bronzes and Oxides[END_REF][START_REF] Bronzes | [END_REF][START_REF]Physics and Chemistry of Low-Dimensional Inorganic Conductors[END_REF]. Among these materials, KMo 6 O 17 is a quasi two-dimensional (2D) metal due to a trigonal layered structure including MoO 6 octahedra layers separated by K + ions and MoO 4 tetrahedra [4] (Fig. 1). The conduction electrons are confined in the infinite layers perpendicular to the c-axis, leading to quasi-2D electronic prop-erties. Electrical resistivity and magnetic susceptibility studies, followed by crystallographic investigations, have established that a Peierls instability occurs at T P = 110 K towards a metallic commensurate charge density wave state. This is due to openings of partial gaps on the quasi-cylindrical Fermi surface. Band structure calculations with a quasi-twodimensional (2D) tight binding method lead to three partially filled bands crossing the Fermi level [5]. They correspond to three quasi-1D Fermi surface sheets related to zig-zag MoO 6 octahedra chains along the a, b and (a + b) directions. This is the so-called hidden nesting property. These calculations predict nesting wave vectors (a * /2, 0, 0) and equivalent, which have been observed by electron diffraction and X-ray diffuse scattering [6].

Band structure studies have been performed by angleresolved photoemission spectroscopy (ARPES) on the parent compound NaMo 6 O 17 at room temperature [7]. A preliminary report of similar studies on KMo 6 O 17 has been re- ported elsewhere [8]. Fermi surface imaging performed with the same technique both on KMo 6 O 17 and on NaMo 6 O 17 have corroborated the hidden nesting model [7]. All explored physical properties correspond to a CDW gap opening at 110 K with a doubling of the unit cell in the (a,b) plane. STM studies, reported recently, establish that the superstructure is a triple-q (2a × 2b) hexagonal one [9].

In the CDW state, the in-plane magnetoresistance ρ /ρ 0 measured with the magnetic field perpendicular to the layers has been found positive and very large (Fig. 2). This has been attributed to the coexistence of hole and electron pockets with high mobilities on the Fermi surface of the CDW state. High magnetic field studies performed with pulsed fields up to 38 T showed several anomalies on the curves ρ /ρ 0 vs field, followed by an anomalous decrease of the magnetoresistance above 30 T [10]. A preliminary report of more recent measurements performed up to 55 T Fig. 2. Resistivity as a function of temperature for different applied magnetic fields perpendicular to the 2D layers, current in the plane of the layers.

shows that a first order transition takes place above 25 T [11]. Similar large and positive magnetoresistance has also been observed up to 15 T in the parent compound TlMo 6 O 17 [12].

We have collected in this review paper experimental data performed on KMo 6 O 17 in these last years, including ARUPS studies of the band structure, STM imaging and spectroscopy of the CDW state as well as new experimental evidence of a first order magnetic field induced transition at low temperature. These results show that KMo 6 O 17 is a model quasi two-dimensional compound. The field induced transition is similar to the so-called kink transition found in the quasi-2D organic salts of the (BEDT-TTF) 2 X family [13]. This establishes that these phenomena are characteristic of quasi-2D metals and not specific of one type of compounds.

Experimental techniques

Single crystals used in these studies have been grown by electrolytic reduction of a K 2 CO 3 -MoO 3 melt. They are in shape of small platelets, typically 3 × 1 × 0.2mm 3 , perpendicular to the c-axis [6].

ARUPS measurements have been performed at room temperature, using He-lamp radiations, on (001) surfaces freshly cleaved in UHV. The crystals were oriented using either the natural edges or the LEED patterns (Fig. 3). However the surface of the compound is unstable to electron bombardment and the LEED patterns are obtained for a short time only.

Measurements of the local density of states (LDOS) in the normal and CDW phase have been performed using a home-made Variable Temperature Scanning Tunnelling Microscope (VT-STM), described in reference [9].Thesample was cleaved in UHV (p = 1.0 × 10 -10 mb) and STM measurements were made either at 300 K (normal state) or at 40 K (CDW state). Note that during the STM measurements, the head of the microscope (and thus the tip) remains close to room temperature, which introduces a limitation of the system energy resolution. All experiments were performed with mechanically etched PtIr tips.

Interlayer magnetoresistance measurements have been performed at Laboratoire National des Champs Magnétiques Pulsés (LNCMP, Toulouse), up to 55 T, using standard four wire method and low frequency current perpendicular to the 2D layers [13]. The data were recorded both during the steep increase of the field (corresponding to a time of approximatively 10 ms) and during the exponential decay lasting roughly 100 ms. The magnetic field was perpendicular to the sample platelet and therefore to the 2D layers. Data were collected for several temperatures between 1.6 K and 86 K. 

ARUPS studies of the band structure in the normal state

The UPS spectrum obtained with the He II radiation at room temperature shows several structures that reveal a weak conduction band well separated from a valence band by a depleted zone of 1.5 eV. The fourfold structured valence band reflects the presence of distorted MoO 6 octahedra in the crystallographic structure and extends over about 7 eV down to the K 3p shadow core level. The occupied part of the conduction band has a bandwidth of 0.8 eV (Fig. 4).

Such a band structure is very common to the metallic molybdenum oxides or tungsten bronzes [8]. As evidenced by resonant photoemission in η-Mo 4 O 11 , the parent compound of the molybdenum purple bronze, the conduction band is filled with Mo-4d type electrons, while the valence band has an oxygen character. Surface changes induced by aging in UHV, photon exposition or electron bombardment affect and hide the different features of the UPS spectra and progressively create states in the depleted zone between the conduction band and the valence band.

The determination of the band structure of the normal state has been the aim of ARUPS measurements performed at room temperature with the He I radiation. The spectra were collected along ŴK and ŴM, the two main directions of the hexagonal first Brillouin zone (Fig. 5). The band structure was also analysed in the KM direction.

Dispersive structures are detected along the three directions: two bands cross the Fermi level along ŴK, two along ŴM and one along KM. In addition, one stationary band is detected in the ŴM direction at an energy close to -0.5eV below the Fermi level. The bottom of the conduction band corresponds to the bottom of the lower dispersive structures and is very close to the stationary band (Fig. 6). These results are consistent with those obtained on NaMo 6 O 17 [7], but deeply differ from the earliest results on KMo 6 O 17 [15]. Our results corroborate the theoretical band structure calculated by M.-H. Whangbo et al. using a tight binding model [5]. For a better agreement, the theoretical energy should be rescaled by a factor close to 2.5, which shifts the theoreti- cal bandwidth to the experimental value of 0.8 eV. Nevertheless, the experimental results differ from the theoretical ones by two points: first, the bottom of the upper band, predicted to be at the midpoint of the conduction band, is actually shifted to lower energies. Secondly, the calculation predicts that three dispersive bands cross the Fermi level in the ŴK direction, while only two of them are detected. This discrepancy should be attributed to the experimental precision, since two of the three predicted bands are so close to each other that they cannot be resolved experimentally. In the ŴM direction, all three predicted bands are well detected.

The experimental results give the positions of five points of the KMo 6 O 11 Fermi surface. These five points fit the calculated Fermi surface, described as a hexagonal inner sheet, a star-like outer sheet and six small pockets centred on the apexes of the hexagonal Brillouin zone [5].T h e y corroborate also the experimental Fermi surface obtained in Ref. [7].

Along the ŴM direction, the two points of the Fermi surface are found to be at k 1 = 43.6% ŴM and k 2 = 56.7% ŴM. The difference between k 1 and k 2 , k F , corresponds to the shortest distance between the inner and outer sheets. According to the hidden nesting model [5], these two sheets result from the superimposition of three pairs of planar Fermi surfaces parallel to the [100], [010] and [110] directions. These planes cross each other at points located on these three directions and k F measures the distance between the sheets since the degeneracy at the crossing points is lifted by interchains couplings. Before lifting the degeneracy, the crossing point may be estimated at the position k =0.5(k 1 + k 2 ) = 49.8% ŴM.

Since the charge density wave vector q in KMo 6 O 17 points in the [100] direction, to satisfy the Peierls relation q = 2k F , the charge density wave vector q = 0.5a * [6,9] should be compared to 2k =49% a * . Within the experimental accuracy, the Peierls relation is well satisfied.

STM imaging and spectroscopy of the charge density wave state

We have performed STM measurements on the cleaved (001) KMo 6 O 17 surface, at room temperature (normal metallic phase) and at 40 K (CDW metallic phase), on three different single crystals. Large scale images (not shown) exhibit atomic terraces of few hundred nanometers width, which confirm that cleavage in UHV is very efficient for this kind of material. Typical current-constant images with atomic resolution are shown in Fig. 7. For both images, the sample bias is fixed at -450 mV, which implies that occupied states of the surface are probed. The inset in the lower-right part of the images is their corresponding 2D fast Fourier transform. At room temperature (Fig. 7(a)), a clear hexagonal atomic pattern with spacing a = 5.5 ± 0.1Åi s observed, in good agreement with the lattice parameter of the (001) plane found in the literature (5.538 Å). We do not observe sublattice resolution on the image, and one can wonder which atomic plane is probed in Fig. 7. In such lamellar oxide compounds, it is commonly accepted that cleavage occurs between two adjacent MoO 4 tetrahedra planes, which are weakly bonded. However, tight-binding calculations [5] indicate that electronic states with energy close to the Fermi level mainly come from the 4d orbitals of molybdenum atoms located in the inner two Mo-O planes of the Mo 6 O 17 slab. With a sample bias fixed at -450 mV, it is likely that the images shown in Fig. 7 correspond to electronic states of this Mo-O plane, each bright spot being in coincidence with a single Mo atom of this plane. Although such a plane is not the topmost one, tunnelling into this plane probably occurs through one, two or three insulating planes participating to the barrier.

When the sample is cooled down to 40 K, a striking feature is observed on constant-current images with atomic resolution, as shown in Fig. 7(b): a 2 × 2 superstructure is superimposed on the atomic pattern, leading to different apparent heights between adjacent atomic rows. This is very clear for the rows parallel to the direction given by the white arrow, for which one row over two appears 0.4 Å higher. For the two other crystallographic directions (indicated by black arrows), it is somewhat more difficult to observe the superstructure, although it is truly present. One convincing point is to proceed to the 2D-Fast Fourier Transform of the image (see inset of Fig. 7(b)). The main features of this FFT are 6 outer peaks at a * = 2π/a due to the atomic lattice, and six inner peaks at (0.50 ± 0.05)a * , corresponding to the 2 × 2 superstructure.

This result is in good agreement with the commensurate CDW state of KMo 6 O 17 , which has been characterized previously by X-ray diffuse scattering and electron diffraction studies [6].A(2a,2b, c) Peierls lattice distortion has been observed, this corresponds to the (2 × 2) superstructure observed by STM. Our measurements are a direct probe of the CDW associated with the lattice distortion, which is still present in the conductive layer located underneath the sur- face. To our knowledge, direct observation by STM of CDW on oxide layered compounds has only been reported by our group [9,16]. Obviously cleavage without UHV environment may explain the lack of results on this topic. 8(a), are suitable for spatially resolved tunneling spectroscopy. At low temperature, the dynamical conductance dI/dV (V) is proportional to the LDOS at energy eV + E F (I is the tunnelling current, V is the sample bias, e is the electron charge and E F the Fermi level). In the design of our STM the tip is not at low temperature, which increases the thermal broadening; however, an important dip in the conductance around the Fermi level has been measured at 40 K. This is shown on Fig. 8(b), on which we plotted the average of 64 curves obtained at 40 K (solid line curve), and at 300 K (dashed line). Although the apex of the tip probably changed between the two measurements, a decrease of the LDOS in an energy range of 2∆ = 300 ± 50 meV was commonly observed at 40 K for the different samples. This value does not vary with the tip-sample distance, suggesting that we are not dealing with capacitive artefacts like Coulomb blockade. Since the tip remains at 300 K, the thermal broadening of the LDOS structures is of the order of 120 meV [9]. Thus the measured value 2∆ is probably larger than the real CDW gap. In spite of a large instrumental broadening one can measure a strong depression in the LDOS; therefore, the actual gap should be of the order of a few tens meV, i.e., of several kT P ,a se xpected in a mean field model.

We ascribe the decrease of the dynamical conductance around zero bias to the diminution of the LDOS at E F associated with the CDW state. As for other 2D systems with Peierls transition, part of the Fermi surface (FS) of KMo 6 O 17 is destroyed in the CDW phase. For this particular compound, it has been shown that a large amount of conductive electrons is suppressed below T P , as evidenced by the resistivity measurements [6]. Because of the peculiar normal phase FS, which can be divided into three independent 1D sheets [17] (see ARUPS results described above), the opening of the gap below T P leads to the suppression of large portions of the Fermi surface. This can be correlated to the large decrease (by a factor ∼ 2) of the LDOS at E F observed on our spectra. As mentioned previously, the CDW phase in KMo 6 O 17 has been nicely described by the "1D hidden nesting" concept [5] and band structure calculations predict nesting wave vectors (a * /2, 0, 0) and equivalent. These values are in excellent agreement with the wave vectors of the superstructure evidenced on the STM images (Fig. 7(b)).

In the 1D framework, it is expected that the phase of the CDW measured by STM is shifted by π between occupied and empty states [17,18]. In a previous paper [9],we performed constant-current images at the same spot of the surface, at two opposite bias voltages. We observed a contrast reversal of the CDW superstructure (not shown), which we have attributed to a signature of the hidden 1D structure in the 2D Fermi surface of KMo 6 O 17 . Similar measurements made previously by one of the authors on the 2D metal 2H-NbSe 2 did not lead to a simple contrast reversal [19].

High magnetic field studies of the charge density wave state

Fig. 9 shows the curves of the magnetoresistance ρ /ρ 0 vs B at different temperatures. At the lowest temperature (T = 1.6 K), they show a change of slope in the vicinity of B 1 = 2 T, a maximum at B 2 = 9.4 T and two other maxima at B 3 = 24.5 T and B 4 = 31 T. At higher temperatures, the two high field maxima merge into one which appears at a field B 3 varying between 27.5 T at 10 K to -2 . The amplitude A of the oscillations is also plotted vs temperature in Fig. 9 as Log(A/T ) vs T . One may estimate a value for the cyclotron mass m * of (0.6 ± 0.1)m o where m o is the free electron mass, from the relation A ∼ R t where R t is the thermal factor: R t = 2xe -x and x = 2pπ 2 m * kT /m o e hB (p is the order of the harmonic). anomalies (B 1 = 2.5T,B 2 = 10 T) do not seem to depend on temperature within the experimental accuracy. On the contrary, the fields B 3 and B 4 clearly depend on the temperature, the field B 3 approaching the Peierls temperature of 110 K at the highest fields.

One should first point out that the results reported here correspond to the low temperature state of KMo 6 O 17 . While the CDW state is established below 110 K, one cannot exclude that the low temperature state is a mixed CDW/SDW state, as indicated by magnetic susceptibility measurements. Curves of the magnetization vs magnetic field show at low temperature a bending in the range of 2.5 T which could be consistent with an antiferromagnetic SDW behaviour [20]. In this context, it is likely that the change of slope found on the curves of the magnetoresistance at B 1 c l o s et o2T has the same origin. This could be related to a spin rotation away from the c-axis above 2 T. Such a rotation corresponds to a change of sign of the magnetic susceptibility anisotropy, as indicated by magnetic torque data reported in Ref. [11]. The anomaly found at higher fields do not seem to be due to the de Haas-van Alphen oscillations. The maximum found at B 2 = 10 T could be related to orbital effects induced by the magnetic field and improving the nesting. A new mixed CDW/SDW state could be stabilized above B 2 . Such effects found in the (TMTSF) 2 X organic salts are associated to quantum nesting conditions and to first order transitions [21]. However specific heat measurements performed as a function of magnetic field at T = 2.5 K at the Grenoble High Magnetic Field Laboratory do not show first order transition at field B 2 [22].

The anomaly found at field B 3 and probably that found at field B 4 must be due to phase transitions. The presence of hysteresis at the B 3 transition indicates that this transition is first order. These properties are similar to those observed in the quasi-2D (BEDT-TTF) 2 X salts and are associated to the so-called kink transition [13,14,23].

The decrease of the magnetoresistance above B 3 and B 4 indicates that new CDW/SDW phases are stabilized above these fields. These phases have smaller CDW/SDW gaps than in the low field case. The new phase stabilized above B 3 (or B 4 below 10 K) is characterized by Shubnikov-de Haas oscillations which correspond to an extremal area of the Fermi surface of 5.4 × 10 -2 Å -2 , therefore 3.6% of the 2D high temperature Brillouin zone (14.4% of the low temperature one). This indicates the presence in this DW state of small cylindrical pockets induced by the gap openings.

These results suggest that the magnetic field above B 3 and B 4 closes partly the DW gaps. Such properties may be due to Pauli type effects taking over orbital effects above 30 T. This is predicted by RPA calculations which show that in the case of quasi-1D systems, the DW state is destabilized by the Pauli effect [24]. Although these calculations are valid for 1D systems, the hidden nesting properties may justify the use of a 1D model for the present case. These effects depend on the ratio of the orbital to the Pauli coupling and on the ratio of the CDW coupling to the SDW one. Complex phase diagrams can be obtained depending on these parameters. Such a description could apply to KMo 6 O 17 . In this context, the line B 4 of this diagram could correspond to a variation of the CDW vector length q as a function of the magnetic field and therefore to a CDW becoming incommensurate with increasing B.

However, all theoretical models predict that the energy associated to the critical magnetic field µ B B should be comparable to the thermal energy of the Peierls transition, k B T P , or to the Peierls gap [24]. This relation is obviously not observed in our case, since the Peierls temperature is above 100 K and the Peierls gap is found by STS to be in the range of a few ten meV. The Peierls temperature should be in the range of 10 K for these theoretical models to apply. One possible mechanism to solve this problem would be related to the complex 2D Fermi surface, which might include gaps much smaller than the average one. The magnetic field would then act on these special parts of the Fermi surface. Further experimental studies of the low temperature Fermi surface could corroborate such a model.

Conclusion

In this paper we examined recent results obtained on the quasi two-dimensional purple molybdenum bronze KMo 6 -O 17 . Electron spectroscopy studies performed at room temperature in the normal metallic state corroborate the model of the hidden nesting, or hidden one-dimensionality, based on the existence in the crystal structure of infinite MoO 6 octahedra chains along three crystallographic directions. This leads to three quasi-1D bands and to three planar Fermi surface sheets. Two of these bands are clearly observed by ARUPS. These studies also provide a value of the CDW nesting vector consistent with other studies, such as electron or X-ray diffraction in the CDW state.

STM studies established that the CDW state is a commensurate triple-q state and that no domain structure is associated with the three directions of q. X-ray or electron diffraction studies could not clarify this point. STS studies show a strong depression of the LDOS at the Fermi level below T P , consistent with the opening of a CDW gap of a few tens meV. This is roughly consistent with the order of magnitude of the Peierls temperature (T P = 110 K) in a mean field model. STM observation of contrast reversal indicates that the CDW phase is shifted by π between occupied and empty states.

Finally, high magnetic field studies establish that, in the CDW state, two first order transitions take place above 25 T at 1.6 K. These transitions correspond to partial closings of the CDW gap and are attributed to Pauli coupling effect which destroys the nesting conditions via Zeeman splitting of the bands. The high field transition corresponds probably to a variation of the CDW vector away from the commensurate value. However, theoretical studies would predict transition in fields one order of magnitude larger than the observed values. This is a puzzling problem which might be related to the complexity of the real Fermi surface. Experimental and theoretical Fermi surface studies are necessary to solve this problem.
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 1 Fig. 1. Crystal structure of KMo 6 O 17 showing the oxygen octahedra and tetrahedra. View along the a-axis. From Ref. [4].

Fig. 3 .

 3 Fig. 3. Low Energy Electron Diffraction (LEED) pattern of the (001) plane of KMo 6 O 17 at 20.5 eV.

Fig. 4 .

 4 Fig. 4. Energy Distribution Curve (EDC) of KMo 6 O 17 evidencing the valence and conduction bands.

Fig. 5 .

 5 Fig. 5. Angle Resolved UV Photoemission Spectroscopy (ARUPS) spectra collected in the ŴK direction.

Fig. 6 .

 6 Fig. 6. Experimental band structure in the ŴM, ŴK and KM directions. The arrows point out the positions of the bands crossing the Fermi level.

Fig. 7 . 8 ×

 78 Fig. 7. 8 × 8n m 2 constant current STM images of KMo 6 O 17 cleaved in UHV. Sample bias is fixed at -450 mV. On the lower-right hand we have plotted the corresponding 2D fast Fourier transform. (a) Normal phase image (T = 300 K), showing the hexagonal atomic lattice. Tunnelling current: 150 pA. (b) CDW phase (T = 40 K). The quasi 2 × 2 CDW modulation is superimposed on the atomic pattern. Tunnelling current: 400 pA. The FFT shows the corresponding 6 peaks located at half the distance of the atomic lattice peaks.

Fig. 8 .

 8 Fig. 8. (a) 13 × 13 nm 2 image of the CDW at 40 K. Atomic surface defects are present (indicated by arrows), without any effect on the CDW arrangement. Sample bias: -400 mV, Tunnelling current: 400 pA. (b) Scanning tunnelling spectroscopy measurements recorded at 40 K (solid line) and 300 K (dashed line). Each curve is an average of 64 numerical derivatives I(V) spectra obtained in the open feedback loop.

Fig. 8 (

 8 Fig.8(a) is a larger scale image of the CDW, showing that the presence of few atomic defects (indicated by arrows) does not perturbate the CDW arrangement. Large homogeneous terraces, as shown on Fig.8(a), are suitable for spatially resolved tunneling spectroscopy. At low temperature, the dynamical conductance dI/dV (V) is proportional to the LDOS at energy eV + E F (I is the tunnelling current, V is the sample bias, e is the electron charge and E F the Fermi level). In the design of our STM the tip is not at low temperature, which increases the thermal broadening; however, an important dip in the conductance around the Fermi level has been measured at 40 K. This is shown on

Fig. 9 .

 9 Fig. 9. Magnetoresistance ρ /ρ vs B for different temperatures. The curves corresponding to the increasing (upper trace) and decreasing (lower trace) field are shown.

Fig. 10 .

 10 Fig. 10. Amplitude A of the Shubnikov-de Haas oscillations vs temperature plotted as Ln(A/T ) vs T . Insert: Reciprocal field 1/B n corresponding to the maxima of the high field oscillations vs an integer n.

Fig. 11

 11 Fig. 11. Phase diagram showing on the horizontal scale the fields B 1 and B 2 of the anomalies and B 3 and B 4 of the transitions and on the vertical scale the corresponding temperatures.
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