First-principles study of quantized muons in materials
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Muon Spin Rotation/Relaxation/Resonance (USR) technique uses muons (positive muons) Local Spin Approximation (LDA):

as probes to detect the magnetic (spin) structure and dynamics of matter at microscopic The two-body correlation only depends on the density of the muon and the electrons.

level. It 1s a unique complement to other methods such as Nuclear Magnetic Resonance  gimulate the homogeneous electron-muon gas system by QMC and parameterize the
(NMR) and neutron scattering. Its applications span a wide range of studies in physics, functional within LDA. What to simulate:

chemistry, and material science.
Transverse-field geometry Correlation energy Ec: Pair correlation function (PCF) g:

[P (r,r' vy, 1 )P(r, 1 13, . Ty )drs..dry
[ P*(ry, 1y, TP (1, Ty, ..o Ty )dR

¢Bext Ec,v = Ev(Ne +N,U) }f{:ﬁ(ri ]‘") = N{I(Nﬁ - 5&,3) :
: -E (N,)-E,(N,)

muon beam Yap(r. 1) = 1y (D51 g, 4(r. /)
v stands for per volume

muon  positron

ime 0 detector The observable contact magnetic field can thus be simulated:

detector

2py 2
Physics Materials B on = [ Tﬂﬂps(r)g({}; r) |Wﬂ(r)‘ d’r

Magnetism Polymers
Superconductivity Semiconductors

Surfaces Fiveliadien s The results are 10% ~ 15% larger than experiments, but can be fixed by an

Fundamental physics metals L. 1 t .
Chemistry cmpirical parameier o

WMaterial LY - . Nl Molecular dynamics siology ; o StandS fOI‘ the approaching

: : ) i x 2 Oxides j
eing studied o ! - NG Vi, R< 10 . .
' Muonium - . speed from finite density to
= lie | K+ (= Ve BT R> 10 infinite density. o ~ 1.

Positron Vegrr(B o0 ) =3
Currently there are 300-400 muon beam users world-wide, with 255 signed-up
members of the International Society for MUSR Spectroscopy (ISMS)

Fig 1: uSR technology.

In principle uSR can be sensitive to any nuclei-muon or electron-muon spin interactions Table I §alculgtion observab.le measurement
within 1ts scope. As a local probe, all further analysis depend on the information of the Vs experiment in some materials.

muon sites. Since the mass of the muon 1s ~206.77 of the electron, the Born-Oppenheimer Material _Point-like muon() Phonon-correcied@ _This work _ Experiment() Fleetrone 1
approximation is generally used. The steps to find muon sites are: Ay et T 0ssT A0 M U A
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1. Define the muon as a hydrogen nucleus, put it somewhere in the lattice. NF 4389 MHy DRMH: 4513 MH, 4642 My 0 5 10 15 20 25 300 5 10 15 20 25 30 35

. : . CaF 4610 MHz 4564MHz 4469 MHz 4479 MHz () Diamondq H
2. Do the structure optimization calculation, find the stable muon site. Diamond 4251 MHz 3597MHz ~ 4088MHz 3711 MHz

Vacuum 4711 MHz 4455 MHz=z 4463 MH=z
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3. Change the 1nitial muon sites sufficiently in the lattice, find the (several) lowest energy
structures and corresponding muon sites (so-called candidate muon sites).
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In fact, LDA 1s not a good enough approximation, muon and electrons.
: . because the interaction distance of muon-electron is short.
Site 3: S-p1 it The simulation of one muon 1immersed in electrons gas, with an external potential
to localize the muon, 1s more reasonable and close to the fact.
Further development of the functional 1s still ongoing...
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Fig 2: Four calculated candidate muon sites in STF-FeCl.

M, =206.77TM, = 1/9 M, The most essential way to consider the quantized muon 1s to introduce it into the
M /M, = M,3\./M, many-body wave function directly:
Muon 1s 1n an intermediate position between 7 RVI—E -
electrons and heavy nuclei. W(ry, s R)T= Ew(ry, ryi Ry)
R, 1s the position of the muon. In QMC, if the trial one-particle orbits of the electrons
| Using harmonic model, the zero point energy and the muons are known, the many-body wave function can be solved directly.

_ classical | (ZPE) of the muon is 3 times of the proton,
0.1 0.0 0.1 0.2 which should not be 1gnored. Key problems:

Displacement r-r, (A) The basic 1dea 1s to quantize the muon at initial. 1. How to generate the orbits of the electrons.

Fig 3: ZPE of the muon and the proton. Using DFT code with point-like muon.

Within the scheme of density functional theory (DFT): 2. How to generate the orbits of the muon.

h( Atomic configuration )

Convert the real space density of muon to plane-wave, then to blip.
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I Starting 715" and Vs ‘ 3. How to optimize the many-body wave function.

- [—ﬁvf +V +V o+ H’;,,.] y =Ty Slater-Jastrow-backflow (SJB) scheme, with variational Monte Carlo (VMC)
and diffusion Monte Carlo (DMC)
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Compute n;; " with m.

v Two-body . : : : :
_rer iteration The key problem is how to describe the two-body At present, only a similar work for positron-in-material exists.

correlation functional. (Phys. Rev. Lett., 2022, 129: 166403)

l If convergence

Lattice relax

Forces on atoms Based on the previous experience of the electrons or ~ We have successfully generated the many-body wave function of muon-in-material and
d positrons functional, we attempt to parametrize the estimated the observable hypertine couplings, but the error bar 1s large and should be
(_Contact field with " and pyv ) functional by simulating the homogeneous muon- further improved (due to the offset of the average value). Some results:

Fig. 4: TCDFT calculation loop. electron gas system by quantum Monte Carlo (QMC). Molecular acetone: 26 =54 MHz (Experiment: 6 MHz, point-like muon: 31 MHz)
Molecular benzene: 466 = 62 MHz (Experiment: 514 MHz, point-like muon: 483 MHz)




