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When two Landau levels are brought into energy degeneracy, interesting phases and phase transitions can occur.  For single-layer 2D electrons, a quantum Hall ferromagnetic transition (QHFT) occurs when Landau levels with opposite spins are made degenerate by an in-plane magnetic field, which enhances the Zeeman splitting but keeps the cyclotron energy constant.  At the QHFT, the 2D electron system breaks up into magnetic domains with opposite spins, and a resistance spike is observed as electrons move through the domain wall loops.  An alternative way to enhance the ratio of Zeeman splitting to the cyclotron energy, which is proportional to m*g*, is to reduce the carrier density (p).  Here we report the observation of a QHFT at ν = 2 in a Ge 2D hole system through modulating p without any in-plane magnetic field.  We also report the effects of an in-plane magnetic field to this QHFT.
Experimental


The samples studied here are undoped p-channel Ge/SiGe heterostructure field-effect transistors. Preliminary quasi-dc magneto-transport measurements were made at T = 0.3 K at Sandia National Labs.  In-plane magnetic field dependence were obtained in SCM2 at the NHMFL DC Field Facility.

Results and Discussion
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m*g* is strongly enhanced at low densities.  At p = 2.4×1010 cm-2, the enhancement is so strong that the |0,up> state and the |1,down> state become degenerate.  A resistance peak appears in the center of the ν = 2 minimum, as shown in Fig.1.  Below this critical density, the 2D hole system at ν = 2 transitions to a ferromagnetic ground state.


In our 2D hole system, strain and quantization in the z direction provide a preferred axis for spin quantization. An in-plane magnetic field is expected not to change the energetic to second order, resulting in a vanishingly small in-plane g factor.  Figure 2 shows Rxx at the transition density in tilted magnetic fields.  It is apparent that, aside from a trivial cosθ scaling, The QHFT resistance peak at ν = 2 does not shift, up to at least 73.1 deg, which is in sharp contrast with typical tilt-induced QHFTs.  At tilt angles at 79.0 deg and 83.3 deg, the peak broadens and the underlying ν = 2 background rise, which most likely indicates increasing disorder as an in-plane magnetic field pushes the 2D hole wave function against the barrier-quantum well interface. 
Conclusions

We have observed a QHFT in a Ge 2D hole system.  The QHFT is controlled by density tuning but not in-plane magnetic fields.
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Fig.1 Rxx near the quantum Hall ferromagnetic transition.  The 2D hole densities are in units of 1010 cm-2.





Fig.2 Rxx at 2.4×1010 cm-2 in tilted magnetic fields.  









