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I. INTRODUCTION

In Heisenberg antiferromagnets (AFMs) the standard paradigm for polarization by an external magnetic field is that of single-magnon Bose-Einstein condensation (BEC). 1 It can be argued that this essentially semiclassical picture breaks down in quantum spin systems with sufficiently strong competition between AFM and ferromagnetic (FM) interactions. 2 Just below the saturation field, conventional AF long-range order is replaced by some entirely different state with non-trivial symmetries and possibly a phase separation. Depending on the details of the spin Hamiltonian, a host of novel pre-saturation quantum phases may occur, including chiral order, spin density waves (SDW) and a variety of multipolar (spin-nematic) phases. [3][4][5][6][7] Some of these novel phases have indeed been found in real ferroantiferromagnetic materials. [8][9][10][11][12][13] Non-trivial pre-saturation phases are mainly expected to occur when, due to frustration, the system is close to a FM-AFM transition in zero field. 2,7 The focus of the present study is the layered vanadyl phosphate Pb 2 VO(PO 4 ) 2 . It was initially thought to be a good realization of the J 1 -J 2 square lattice model with nearest neighbor (nn) FM and next nearest neighbor (nnn) AFM interactions. [START_REF] Kaul | proceedings of the International Conference on Magnetism (ICM 2003)[END_REF][START_REF] Kaul | Experimental Investigation of New Low-Dimensional Spin Systems in Vanadium Oxides[END_REF][START_REF] Skoulatos | [END_REF][17][18][19] In a recent inelastic scattering study 20 we have shown that while it indeed is very two-dimensional and has both FM and AFM exchange constants, the material is a poor approximation of a square lattice. The degree of frustration is smaller than initially thought, placing it far from a FM-AFM instability. Moreover, it appears rather "classical" in that the ordered moment m ∼ 0.7 µ B in the colinear AF ground state is rather large for a quasi-twodimensional compound. It is therefore rather surprising that Pb 2 VO(PO 4 ) 2 shows a highly non-trivial and probably incommensurate pre-saturation phase, the observation of which we report in the present paper, along with the mapping out of the entire H-T phase diagram. [START_REF] Shpanchenko | Antipov[END_REF] The magnetism originates from the V 4+ ions, which host a S = 1/2 spin and form twodimensional layers in the (a, b) plane. The four equivalent V 4+ sites in each unit cell are magnetically coupled by at least 5 inequivalent V-O-P-O-V superexchange pathways, as shown. The zero-field spin wave spectrum is adequately described by a Heisenberg hamiltonian with J 1,1 = -0.286(2) meV, J 1,2 = J 1,3 = -0.389(2) meV, J 2,1 = +1.453(3) meV and J 2,2 = +0.538(2) meV. 20 In addition, there is a weak anisotropy with b as the magnetic easy axis. In zero field, long range order sets in at T N = 3.5 K and corresponds to a collinear columnar-AF state (CAF), as indicated by ar- Arrows indicate inflection points associated with the onset of magnetic long-range order. The symbols correspond to phase boundary points in Fig. 6 .

rows in Fig. 1 (a). For a magnetic field along the crystallographic b direction, a conventional spin-flop transition occurs at µ 0 H SF = 0.94 T. [START_REF] Kaul | Experimental Investigation of New Low-Dimensional Spin Systems in Vanadium Oxides[END_REF] The magnetic saturation field is about 21 T, 22 which makes measurements experimentally challenging. For the discussion below it is important to note the two inequivalent phosphorus sites, suitable for 31 P NMR. 19 The P 1 site lies in the V 4+ planes and is strongly coupled to their magnetism. In contrast, the coupling is much weaker for the interlayer P 2

II. EXPERIMENTAL

The aim of this study was to investigate the -T phase diagram of Pb 2 VO(PO 4 ) 2 in magnetic fields all the way to saturation. We used single crystal samples from the same batch as those used in Ref. 20. Several complementary measurement techniques were employed. At low fields, the phase boundary was determined by magnetization measurements using a Quantum Design vibrating sample magnetometer (VSM) PPMS option. The external field was applied parallel to the c * direction of a 43.6 mg sample. The data were collected while sweeping the temperature at constant fields. Fields up to 14 T and temperatures down to 2.5 K were explored.

Close to the saturation field, the phase boundaries were determined by means of capacitive torque magnetometry on a 0.4 mg sample. Two field geometries were explored, with the field applied very close to the b and c * axes. The experiment was carried out at LNCMI-CNRS in Grenoble in a resistive magnet and with a dilution refrigerator equipped with an in-situ rotator.

Some of the most insightful data were obtained in NMR experiments. These were carried out using a 21.4 mg sample in two different setups. For high temperatures (T > 1.4 K) we employed a superconducting magnet with a regular 4 He cryostat. Low temperature and high field data were collected using a resistive magnet and a dilution refrigerator. All measurements were carried out at LNCMI-CNRS in Grenoble. The field was in all cases applied along the crystalographic c * direction and the NMR coil was parallel to a. The spectra were obtained by the Fourier transforms of the 31 P (γ N /2π = 17.236 MHz/T) spin echo signals. Nuclear spin-lattice relaxation times (T 1 ) were measured by saturation-recovery experiments.

Additional ultra high field neutron diffraction experiments were carried out with a 23 mg sample on the EXED time-of-flight instrument at HZB, in a hybrid magnet providing dc fields up to 26 T. 23 The experiment was performed at the base temperature of a dilution refrigerator (T = 200 mK). The severely restrictive magnet geometry did not allow for an in-situ sample rotation. In order to have the (1, 0, 0) magnetic Bragg reflection in the narrow reciprocal space field of view of the instrument, we chose to apply the magnetic field at a fixed angle of 8 • with respect to the c * direction. The scattering geometry is shown in the inset of Fig. 4 (a). The scattering intensity at each field value was measured with a counting time of roughly 60 min and was normalized to the spectral intensity of the incident white beam. To isolate out the magnetic contribution to scattering, the background was measured at T = 5 K and zero magnetic field and subtracted from each data set.

III. EXPERIMENTAL RESULTS

Magnetization

Magnetization measured in Pb 2 VO(PO 4 ) 2 for H c * is plotted as a function of temperature in Fig. 2 (a). Fig. 2 (b) shows typical temperature derivatives computed for µ 0 H = 0.5 and 14 T. The phase transition is marked by inflection points in the M (T ) curves. At low field, the ordering temperature increases with field. In that regime the transition appears as a sharp dip in dM/dT [Fig. 2 (b)]. Above about 7 T the trend is reversed, and the transition corresponds to a maximum of the derivative. The thus obtained phase boundary is plotted in open squares and triangles in Fig. 6. These results complement previous low-field studies in the H b geometry. [START_REF] Kaul | Experimental Investigation of New Low-Dimensional Spin Systems in Vanadium Oxides[END_REF] 

Magnetic torque

The phase boundary at high field was deduced from magnetic torque data. The entire data set collected for two orientations is shown in Fig. 3. Each line is vertically shifted for visibility and color-coded according to the temperature. The saturation field correspond to an inflection point in the measured torque curve (to an extremum in the derivative) and is about 20.7 T and 20.5 T for H c * and H b respectively. The peak in the field derivative, marked with a cross, appears more pronounced in the H b geometry. One of the main ob- servations in this study is the additional sharp peak-like feature at H c ∼ 19.4 T for H c * (asterisk). We ascribe it to the emergence of an additional narrow pre-saturation phase (PS). For the H c * -geometry, the temperature dependence of both features is plotted in the phase diagram (Fig. 6). A false-color plot of the torque signal derivative is shown in the background.

Neutron diffraction

The (1, 0, 0) Bragg peak is the only magnetic reflection of the CAF phase accessible in the very restrictive high-field setup. The scattered magnetic intensity measured at T = 200 mK integrated over the range 0.87 < h < 1.01, -0.08 < k < 0.08 and -0.01 < l < 0.025 is plotted against field applied at 8 • from c * in Fig. 4 (b). The magnetic reflection disappears at µ 0 H c = 18.9 T in, what clearly appears to be, a discontinuous transition. Between H c and H sat no other magnetic Bragg peaks could be located in the available data. This is borne out in Fig. 4 (a), where we compare the average of all magnetic scattering data collected for H < H c (µ 0 H =0, 1. 3, 3, 5, 7.5, 10, 12.5, 15, 15.5, 16, 16.5, 17, 17.5, 18, 18.25, 18.5, 18.6, 18.7, 18.75 and 18.8 T) and those for H c < H < H sat ( µ 0 H =18.9, 19, 19.1, 19.25, 19.5, 19.75, 20, 20.25 and 20.5 T). Clearly no new strong peaks are present in the narrow slice |l| < 0.03 that these data sets correspond to. Even tough the background data set, measured at 5 K in zero field, was subtracted from all data sets, the nuclear positions (2,0,0),(+1,1,0) and (-1,1,0) seem to show some scattering intensity. This is however an artefact of the bad counting statistic at large momentum transfer and the strong scattering at these positions. The incident beam has only a weak intensity for neutrons with high enough momentum to reach these positions resulting in large noise which gets further amplified by the normalization to the white beam. This noise is cropped of by the color scale which is chosen to make the magnetic (1,0,0) peak visible.

NMR

Fig. 5 (a) shows the Fourier transform of the 31 P NMR signal as a function of frequency shift (relative to the Larmor frequency, γ N H) for various temperatures at a constant field of µ 0 H = 14.8 T. Each spectrum is normalized to its amplitude and vertically shifted according to its temperature. At high temperature two peaks are visible, corresponding to the two inequivalent phosphorous sites P 1 and P 2 . The variation of their line-positions reflects the temperature dependence of the spin polarization. For the lower frequency line this variation is much stronger, so that this line is assigned to the P 1 site that is closer and thus more strongly coupled to V 4+ spins (Fig. 1 (b) and Ref. 19). Both lines split at T = 3.06 K reflecting the staggered moment, that is the order parameter (OP), in the CAF phase. The insert in Fig. 5 (a) shows that both split and unsplit NMR lines coexistent at the transition temperature, meaning that a phase mixture exists in a very narrow temperature range. Furthermore, the line-splitting (OP) does not grow from zero but appears discontinuously at the transition, confirming that the transition is a discontinuous one. Nevertheless, in Fig. 5 (c) we see that the NMR T -1 1 data, reflecting the low-energy spin dynamics/fluctuations, clearly display a sharp peak originating from the 3D critical fluctuations. This is characteristic of a second-order phase transition, as would be expected for a purely spin system. The transition is thus nearly second order (weakly first order), as predicted for a spin system that presents some magneto-elastic coupling. 24,25 To characterize the PS phase, Fig. 5 (b) shows the field dependence of the NMR spectra for the P 1 site taken at T = 510 mK in the field range 18.5 -21.5 T. Each spectrum is normalized to its amplitude and offset vertically according to the field value. The two NMR lines that characterize the OP of the CAF order merge at H c ∼ 19.4 T into a single broad structured peak. The latter persists, and gradually shrinks all the way to saturation at H sat ∼ 20.7 T. The spectrum measured close to H c is indicative of a phase separation, in line with our expectations for a discontinuous transition.

Additional information on the ordered phases is provided by the temperature dependence of NMR T -1 1 data, taken at µ 0 H = 14.8 T, 18.7/18.9 T and 20.0 T [Fig. 5 (c)]. The transition into the CAF phase presents a distinct cusp, reflecting critical spin fluctuations. In the ordered phases, the relaxation time follows a power law T -1 1 ∝ T α in a considerable temperature range. Deep in the CAF phase, the fitted exponent α(14.8 T) = 7.1(3) is very large, which is typical of high-order relaxation processes 26 observed in BEC-type systems 27,28 . Close to H c , the exponent is about two times smaller α(18.7 T) = 3.4(2), and very close to what is observed inside the PS phase α(20.0 T) = 3.8(2). This indicates that the spin dynamics of the CAF phase close to H c and of the PS phase are most probably similar, although the two phases present quite different static order.

IV. DISCUSSION

The measurements described above allow us to reconstruct the phase diagram for Pb 2 4 ) 2 . For the case of a magnetic field applied along the easy axis of magnetic anisotropy (H b) it is as reported in Ref. 15: A CAF phase with all spins along b in low field 20 followed by a CAF spin-flop phase all the way to the saturation. For this geometry, the only new result of the present study is a direct measurement of the saturation field H sat ∼ 20.5 T, as deduced from our torque data.

Our main new finding is that, for a magnetic field applied perpendicular to the anisotropy axis, there is a new pre-saturation phase evident in the torque, neutron diffraction as well as NMR data. The corresponding phase diagram for H c * is shown in Fig. 6. From the neutron experiment, but also from the apparent presence of a mixed phase regime in NMR spectra, we conclude that the transition to the new phase is a discontinuous one. The critical field H ≈ 19.4 T observed in the torque and NMR experiments are consistent. The discrepancy to H c ≈ 18.9 T obtained in the diffraction experiment is, most likely, due to the slightly different field orientation. As mentioned above, a discontinuous transition to non-trivial order can indeed be expected. 2 In the neutron data, we detect no sign of magnetic Bragg reflections between H c and H sat , but that may easily be due to the extremely restricted experimentally accessible region of reciprocal space. It is unlikely that the new phase is a spin-nematic, since NMR clearly shows a splitting or broadening of the resonance line. In one way or another, dipolar order must be present. Furthermore, the structured shape of the NMR line hints at a complex and possibly incommensurate structure. As mentioned in the introduction, helimagnetic or SDW phases are the most likely candidates.

V. CONCLUSION

The appearance of a non-trivial incommensurate pre-saturation phase in a frustrated quantum ferroantiferromagnet is in itself not surprising. However, that this phenomenon occurs in a system with a rather weak degree of frustration such as Pb 2 VO(PO 4 ) 2 is quite remarkable.
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FIG. 1 .

 1 FIG. 1. Schematic view of the Pb2VO(PO4)2 crystal structure. a) Single vanadophosphate layer in the (a, b) crystallographic plane. Lines represent Heisenberg exchange constants between S = 1/2 V 4+ -ions, as described in the text. b) Projection of the entire structure onto the (b, c) plane. There are two distinct inequivalent phosphorous sites P1 and P2. Shown are the VO5 pyramids, the P1O4 tetrahedra and the P2 sites. Oxygen and lead atoms are omitted for clarity.

FIG. 2

 2 FIG. 2. a) Temperature dependence of magnetization measured in Pb2VO(PO4)2 in different fields applied along the c * axis. b) Typical derivatives of the curves shown in (a).Arrows indicate inflection points associated with the onset of magnetic long-range order. The symbols correspond to phase boundary points in Fig.6.

FIG. 3 .

 3 FIG. 3. Magnetic torque measured in Pb2VO(PO4)2 in magnetic fields applied along the c * (a) and b directions (color lines). data collected at different temperatures are cally offset for visibility. The black lines are field derivatives of the lowest temperature torque signal. The torque signal shows an inflection point at saturation (cross) and an extremum at Hc (asterisk).

FIG. 4

 4 FIG. 4. a)A false color plot of the magnetic scattering intensity measured at H < Hc (left) and for Hc < H < Hsat (right), as described in the text. b) Measured field dependence of the (1, 0, 0) magnetic Bragg peak intensity in Pb2VO(PO4)2 (circles). The inset illustrates the scattering geometry (angles not to scale). Lines are guides for the eye.

FIG. 5

 5 FIG. 5. a) 31 P-NMR spectra measured in Pb2VO(PO4)2 at µ0H = 14.8 T applied along c * . Data collected at different temperatures are offset according to the left (temperature) axis. Components ascribed to the two inequivalent phosphorous sites, P1 and P2 are labeled accordingly. b) 31 P-NMR spectra of the P1 site measured at T = 510 mK. Data collected at different fields applied along c * are offset according to the left (field) axis. Three magnetic phases as well as an apparent phase coexistence can be identified and the spectra are color-coded accordingly. c) Temperature dependence of the 31 P spin-lattice relaxation rate T -1 1 measured at several fields applied along c * (symbols). Lines are power law fits to the data.

FIG. 6 .

 6 FIG. 6. Combined magnetic phase diagram of Pb2VO(PO4)2 in a magnetic field applied along the c * direction. The false color plots are the derivative of magnetization with respect to temperature (top left) and the derivative of the torque signal with respect to field (bottom right). As described in the text, open squares and triangles are from magnetization data. Asterisks and crosses are from magnetic torque measurements. Solid green circles are from splitting of NMR lines, as shown in Fig. 5 (a). Solid lines are guides for the eye. The columnar antiferromagnetic (CAF), paramagnetic and pre-saturation (PS) phases are labeled accordingly.
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