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Abstract. The internal magnetic field in a ferromagnetic compound, Y2Co12P7 with Tc =
150 K, was studied with pTSR using a powder sample down to 2 K. The wTF-utSR
measurements revealed the presence of a sharp magnetic transition at Tc = 151 K, and the
ZF-;1 "SR measurements clarified the formation of static magnetic order below Tc. The presence
of two muon spin precession signals in the ZF-u ™SR spectrum below T¢ indicates the existence
of the two different muon sites in the lattice. By considering the muon sites and local spin
densities at the muon sites predicted with DFT calculations, the ordered magnetic moments of
Co were successfully determined.

1. Introduction

An internal magnetic field at the u™ site (Hjyg) in antiferromagnets is usually equivalent to a
dipole field (Hgip), while Hjn¢ in ferromagnets are given by the sum of a dipole field (Hagjp),
a Lorentz field (Hty,), and a hyperfine field (Hyf) [1, 2]. In other words, Hy, = Hpr = O for
antiferromagnets. Recently, not only the muon sites but also Hyf are predicted for various
ferromagnets with first principles calculations, leading to more precise analyses of the u™SR
data for ferromagnets. This could be an advantage of uTSR over neutron scattering, because
ferromagnetic Bragg peaks are overlapped with nuclear peaks. Therefore, it is a good challenge
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to study Hjyg in ferromagnets with u*SR [3, 4, 5, 6, 7], particularly for the compounds possessing
two different magnetic moments.

The target compound Y2Co12P7 belongs to a hexagonal symmetry with space group P6 (see
Fig. 1) and enters a ferromagnetic state at Tc = 150 K. A series of RyCo12P7 compounds, where
R denotes a rare earth element, were originally synthesized in 1978 by a solid state reaction in
an evacuated silica tube for 7 days at 1070 K [8]. The magnetic properties were reported by
magnetization and neutron scattering measurements [9, 10]. As a result, the ordered magnetic
moment of Co (mc,) was found to align along the c-axis regardless of R in the FM state, while
the magnitude and direction of the ordered rare earth element (mp) strongly depend on the
number of f electrons: for example, mgq is antiparallel to mg,, but my, is parallel to mg,, and
mp; is canted from the c-axis, for reasons currently unknown. Prior to a systematic u™SR work
on R2Co15P7, we have attempted to study Hine in Y2Co12P7 at first, because of the absence of
d nor f electron of Y3+.

COP5

pyramid
COP4

tetrahedron

Figure 1. The crystal structure of YoCo12P7. Among the four different Co sites in the lattice,
i.e.,, Col, Co2, Co3, and Co4 sites, the former three sites (Col, Co2, and Co3) are classified
as a tetrahedral site, while the latter site (Co4) is a pyramidal site. In the right figure, small
spheres represent the predicted three muon sites with first principles calculations: that is, p; =
(0.22950,0.1639,0) (red), pe = (0.41667,0.3166,0.5) (black), and u3 = (0.08333,0.2166,0.5)
(magenta).

2. Experimental

A powder sample of Y9Co12P7 was prepared by a solid state reaction technique in Tokyo
University of Agriculture and Technology [11], using a similar way described in Ref. [8]. That
is, powder of Y (purity 3N), Co (purity 3N), and P (purity 6N) were mixed and then heated at
1000 °C for 12 h in evacuated silica tubes. Obtained reactant was well grounded and heated at
1200 °C for 12 h in evacuated silica tubes. The crystal structure of the sample was determined
by a powder X-ray diffraction analysis. The temperature dependence of magnetization was
measured with a superconducting quantum interference device (SQUID) magnetometer (MPMS,
Quantum Design) [11, 12].

The pTSR spectra were measured on the M20 surface muon beam line using the LAMPF
spectrometer at TRIUMF in Canada. An approximately 200 mg powder sample was placed in a
1 x 1 cm? square envelope made from 0.05 mm thick aluminized Mylar tape in order to minimize
the signal from the envelope. The envelope was attached to a low-background sample holder in
a liquid-He flow-type cryostat for measurements in the temperature range between 2 and 250 K.
The muon site(s) and the local spin density at the muon site(s) pspin Were predicted with DFT
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calculations using a full-potential linearized augmented plane-wave method within generalized
gradient approximations as implemented in WIEN2k program package [13]. The experimental
techniques are described in more detail elsewhere [14, 2]. The obtained p*SR spectra were
analyzed using musrfit [15].

3. Results and Discussion
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Figure 2. (a) The temperature variation of the wTF-u*SR spectrum in Hrg = 30 Oe recorded
at 155, 151, and 150 K and (b) the temperature dependence of the wTF asymmetry (Ayp) for
Y2Co12P7. In (a) solid lines represent the best fit using Eq. (1). In (b), the data were obtained
by fitting the wTF-uSR spectrum with Eq. (1) and the solid line represents the best fit using
a Sigmoid function, which provides T¢c = 151.11(4) K.

Figure 2(a) shows the temperature variation of the wTF-u*SR spectrum in Hrg = 30 Oe at
the vicinity of Tc. The TF oscillation is heavily suppressed with decreasing temperature due
to the appearance of large Hiye. The wIF-u TSR spectrum was fitted by a combination of an
exponentially relaxing cosine signal and two exponentially relaxing non-oscillatory signals, i.e.,
the signal from the paramagnetic phase and the longitudinal and transverse components of Hiyg
in the FM phase:

AoPrr(t) = Arrcos(2m frrt + ¢1r) exp(—Arpt)
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+ Afast €XP(—AMastt) + Atail €xXp(—Aailt) (1)

where Ag denotes the initial asymmetry at ¢ = 0, Prp(t) denotes the u™ spin depolarization
function in TF, A7, A, and Aiay denote the asymmetries of the three signals, frrp denotes
the p spin precession frequency caused by TF, ¢rr denotes the initial phase of the precession,
and Arw, Amgt, and Ap,j denote the exponential relaxation rate for the three signals. From the
temperature dependence of Ay [Fig. 2(b)], it is very clear that almost the whole volume of the
Y5Co15P7 sample enters an FM phase below T = 151 K. This value agrees with T¢ determined
by magnetization measurements.
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Figure 3. (a) The ZF-u "SR time spectrum for Y9Co12P7 recorded at 2 K and (b) the Fourier
transform frequency spectrum of (a). In (a), a solid line represents the best fit using Eq. (2).

Figure 3(a) shows the ZF-puTSR spectrum for YoCo1aP7 recorded at the lowest temperature
measured, i.e., 2 K. The observed complex oscillatory signal indicates the formation of static
magnetic order in the FM phase with the presence of multiple muon sites. In fact, as seen in
Fig. 3(b), the Fourier transform frequency spectrum of the ZF-u ™SR time spectrum suggests the
presence of two different muon sites in the lattice. Therefore, the ZF-u™SR spectrum was fitted
with two exponentially relaxing cosine oscillations and an exponentially relaxing non-oscillatory
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signal for the longitudinal component:

2

AoPzre(t) = > Arwicos(2m fenit + ¢rm) exp(—Armit)
i—1
+  Aait €xp(—Ataitt), (2)

where Pzp(t) denotes the p* spin depolarization function in ZF, Ay, and Ag.y denote the
asymmetries of the three signals, frpy; denotes the pt spin precession frequencies at the two
muon sites caused by Hint, ¢rpm denotes the initial phase, and App; and A, denote the
exponential relaxation rate for the three signals. Note that the initial phase in cosine signal
is common for the two signals. Among the temperature dependencies of the SR parameters
in Fig. 4, both frpymi and frave exhibit a typical order parameter-like behavior and disappear at
T [Fig. 4(a)], as expected.

The DFT calculations predicted the following three muon sites in the lattice [see Fig. 1]:
1 = (0.22950,0.1639,0), pu2 = (0.41667,0.3166,0.5), and u3 = (0.08333,0.2166,0.5). The uy
site is the most preferable site, then, s follows py and ps3 follows po. While there are four Co
sites in the lattice, the ordered moment of each site (mco;) is assumed as mco1 = (0,0,0.3) up,
mcoz = (0,0,0.3) up, mcos = (0,0,0.3) up, and mcoqa = (0,0,0.9) up, based on the neutron
work on PryCojoP7, NdoCo12P7, and HoeCo12P7 [10]. Using these values, Hg;p, for each site
was estimated by dipole field calculates with dipelec [16]. The local spin density at each muon

site [pspin(Tw)] were also predicted with the DFT calculations: psping1 = 0.01071 ,uB/AS,
Pspin,u2 = —0.0004268 MB/Ag, and pspin,u3 = —0.0009780 MB/Ag. Thus, Hyps of each muons

site is obtained by Hps = %Psmn(ru)%- The magnetization measurement provided the
saturated magnetic moment (M;) at 1.4 K to 3.7 pup/f.u. along the c-axis [11, 12], leading to
Hy, = M, = (0,0,561) Oe.

As seen in Fig. 5, the most suitable combination of mce1 and mcos to explain the
experimental results is mge1 = (0,0,0.20) up and Mmceq = (0,0,0.61) up, when mco1,/Mcods =
1/3 and mco1 = Mco2 = MCos- The sum of Mo, i-e., 0.20 X9+ 0.61 x 3 = 3.6 up/f.u., being
consistent with the previous magnetization measurements result, i.e., My = 3.7 ug/f.u. at 1.4 K
[11, 12]. Note that the mco; values obtained with ptSR are about 68% of those estimated with
neutron [10], indicating a unique power of ™SR to determine the ordered magnetic moments
in ferromagnets. Note that the total estimation accuracy is restricted by the accuracy of the
ordered magnetic moments determined with neutron [10]. In order to improve the accuracy, it
would be preferable to measure a single crystal sample. Following upon the above results, we
are attempting to study other RoCoi2P7 compounds with pTSR, although there are too many
adjustable parameters for the prediction, such as, the magnitude and canting angle of each mco
and mpg.

4. Conclusion

By combining ptSR with DFT calculations, the ordered magnetic moments of Co in
ferromagnetic YoCo12P7 were successfully determined. Then, we will move on the further
challenge to conjecture the ordered magnetic moments of rare earth elements in RoCoq12P7.
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Figure 4. The temperature dependence of the TSR parameters for YoCo1oP7: (a) the two
muon precession frequencies (frpyvn and fravz), (b) the three asymmetries (Apyvi, Apmaz, and
Atail), (¢) the two relaxation rates (Apy1 and Apye), (d) the relaxation rate of the tail component
(Mtail), and (e) the initial phase (¢py). The data were obtained by fitting the ZF-u+ SR spectrum
with Eq. (2).
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Horizontal dotted lines represent the experimental results at 2 K. A vertical arrow represents a
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