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Effect of Noncollinear Magnetic Order on the Hyperfine

Interactions in PtsFe
A. WOZNIAKOWSKI?, J. DENISZCZYK®* AND K. SzZYMANSKI®

“Institute of Materials Science, University of Silesia, 40-007 Katowice, Bankowa 12, Poland
bFaculty of Physics, University of Biatystok, 14-424 Biatystok, Poland

The investigations of the hyperfine interactions in PtzFe with the noncollinear magnetic order by means of
ab initio methods are presented. It is shown that the ground state magnetic order of PtsFe is of noncollinear
character. Electric field gradient and hyperfine magnetic field at ®Fe nucleus were calculated and their dependence
on the strength of Coulomb correlation interaction is discussed. The calculated values of electric field gradient
correspond with the experimental data and the best agreement was found when the enhanced Coulomb correlation
interaction for 3d-states of Fe was considered. Lattice, local valence electron (3d, 4p) and weakly bound 3p

semicore electron contributions to electric field gradient are separated out and discussed.

PACS: 71, 71.20.Be, 71.20.Lp, 75.50.Bp, 76.80.+y

1. Introduction

Magnetic properties of Pt-Fe alloys depend strongly on
concentration of the iron atoms. In disordered alloys the
ferromagnetic long range order coexists with a weak an-
tiferromagnetic component [1]. Among the Pt-Fe alloys,
the magnetic structure of ordered Pt75Feqs alloy (referred
hereafter as Pt3Fe) is most interesting and, despite inten-
sive studies, is still not determined uniquely. Pt3Fe crys-
tallizes in cubic CugAu (L1z) structure. Early neutron
diffraction studies [2] have shown that below Ty = 160 K
the Pt73 sFess 7 exhibits the long range antiferromagnetic
order of (1/2,1/2,0)-type (AFMs), but with decreasing
temperature, at around Tg = 110 K, the component of
antiferromagnetic order of (1/2,0,0)-type (AFM;) devel-
ops. Recent neutron scattering investigations of Pt3zFe
have shown that below T's the noncollinear magnetic or-
der develops in the compound [3].

In our previous paper [4] we presented the low temper-
ature (T = 13 K) Mossbauer effect and ground state ab
intio studies of PtgFe with the ferromagnetic, antiferro-
magnetic (AFM; and AFM,) magnetic order. The data
discussed there have shown that the ground state mag-
netic structure of PtsFe is neither of AFM; nor AFM,
type. The results of the ground state calculations of
hyperfine interactions for AFM, type of magnetic order
agree qualitatively well with the low temperature exper-
imental data, what, on other hand, was at variance with
the neutron diffraction results, indicating the AFM;-type
of magnetic order in PtgFe at low temperatures.

In order to clarify the discrepancy we included the non-
collinear type of magnetic order into our ab initio investi-
gations of PtzFe. In this short communication we present
calculations of the ground state properties of PtzFe for
ferromagnetic, antiferromagnetic (AFM; and AFM,) and
noncollinear magnetic (NCM) order.
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2. Computational details

The electronic structure calculations were performed
using the WIEN2k code of P. Blaha et al. [5] work-
ing within Full Potential Linear Augmented Plane Wave
(FP-LAPW) method based on the Density Functional
Theory (DFT) formalism. The gradient corrected
(within Generalized Gradient Approximation) Local Spin
Density approximation (LSDA-GGA) for the exchange
correlation (XC) potential was used in the form devel-
oped in [6]. The enhanced Coulomb correlation interac-
tion for the 3d states of iron atom was included into the
XC potential along the so called LSDA+U approach [7].
The core electronic states of iron atoms were partitioned
into true core states (1s, 2s, 2p), which were treated
atomic-like in the self-consistent muffin-tin (MT) spher-
ical potential, and weakly bound semicore states (3s, 3p
for Fe) considered as Local Orbitals (LO) [8] and treated
in the full (nonspherical) potential. For the core states,
the fully relativistic DFT formalism was employed. For
the valence and LO states the scalar-relativistic approx-
imation was used and the spin-orbit (SO) interaction for
these states was taken into account within the second-
variational approach [8]. The calculations for the NCM
order were performed with the use of the noncollinear ver-
sion of WIEN2k code [9] with the same computational
assumptions (XC potential, SO interaction, electronic
states separation, etc.). Within the NCM approach the
spin-orbit coupling term was added directly to the scalar-
relativistic Hamiltonian.

For all studied phases the MT sphere radii of 1.164 A
for Fe and 1.27 A for Pt were chosen. The set of the k
vectors and the values of RK,,,, factor were chosen to
gain the total energy precision of 107® Ryd per formula
unit and the electric field gradient (EFG) relative error
less then 1%. All calculations were performed for the ex-
perimental lattice parameters. Calculations have shown
that for AFM; and NCM-type of magnetic order some
forces acting on atoms occur but their amplitudes are
negligible (less than 2 meV/nm). In this circumstances
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we neglected the relaxation of atomic positions and ap-
plied the standard Wyckofl atomic positions: 3(c) and
1(a) for Pt and Fe atom, respectively.

The EFG tensor was calculated using the formula de-
rived by M. Weinert [10] for the shape model of periodic
charge distribution used in the FP-LAPW method. The
formula divides the EFG into contribution of electrons
located inside MT sphere (local EFG) and the part de-
pendent on the charge distributed outside the MT sphere,
called lattice EFG [11]. In our calculations the contribu-
tion to EFG of true core states is omitted but, as ar-
gued in [11], it is negligible in metals. Some details of
the M. Wainert formulation we discussed in [12].

Fig. 1. Noncollinear orientation of the magnetic mo-
ments of Fe atoms in PtzFe [3].

For the orientation of the local magnetic moments we
assumed the construction proposed in [3] on the basis of
the neutron scattering measurements. The idea behind
this construction is that two types of AFM; correlations,
(1/2,0,0) and (0,1/2,0), (degenerated, as we proved by ab
initio calculations) couple giving rise to the noncollinear-
ity in local magnetic moment orientations within the x-y
plane. This intermediate type of magnetic order cou-
ple in turn with the AFMs-type correlations resulting in
the NCM structure of PtgFe. The resulting noncollinear
alignment of Fe magnetic moments is shown in Fig. 1. We
considered also another noncolinear orientation of local
Fe moments in Pt3Fe proposed in [13], but our NCM cal-
culations have shown that this type of spin configuration
is less preferable because of higher total energy.

3. Results and discussion

The essential results of our calculations are collected
in Tables I, IT and III. Table I shows the calculated mag-
nitude and the relaxed orientations of the local Fe atoms
magnetic moments compared with the experimental ones.
Magnetic moment of Fe atoms in Pt3Fe with noncollinear
magnetic order is slightly higher (by ~ 0.1up) then in
FM and both AFM states [4]. An enhancement might
be the result of disorder introduced by the noncollinear
magnetic structure. Because of the AFM;-type compo-
nent of the NCM structure, the induced magnetic polar-
ization of Pt atoms depends on their position, similarly
as in the case of AFM;-type of magnetic order [4]. The
Pt atoms, located on the faces where the net xz-y plane
magnetization exists, acquire nonzero magnetic polariza-
tion with magnitude of 0.15u 5, what is two times smaller
as compared to that obtained forAFM;-type of magnetic

order [4]. The reduction of the Pt magnetic moments can
be ascribed to the noncollinear magnetic order which re-
sults in the lowering of the overall internal exchange mag-
netic field and leads to the reduction of the spin density
polarization induced on Pt atoms. The orientation of
magnetic moments taken from experiment need not be
the stationary one and during the constrained NCM cal-
culations it can be kept frozen by the local constraining
magnetic field which is added automatically. In order
to find the optimized theoretical directions of Fe mag-
netic moments we allow for relaxation of their orientation
leading to the disappearance of local constraining field
and minimizing the total energy. The resulted optimized
orientation deviates only slightly from the experimental
one (Table I).

TABLE I

Magnitudes and directions of the magnetic moment of Fe
atoms in Pt3Fe with noncollinear magnetic order.

Atom Magnetic moment
Fe magnitude Spherical angles (8, ¢)
(18] relaxed experimental (3]
1 3.03  [(122.1°,225.9°)  (122°, 226°)
2 3.03 (57.7°, 314.1°) (58°, 314°)
3 3.03 | (122.1°, 45.9°) (122°, 46°)
4 3.03 | (57.7°, 134.1°) (58°, 134°)
TABLE I

Calculated relative ground state energies of PtsFe for
paramagnetic (PM), ferromagnetic (FM), antiferromag-
netic (AFM;, AFM;) and noncollinear (NCM) magnetic
order.

Magnetic |Calculation AE

order method [meV /atom)] [K/atom]
PM 294.2 3414
FM 35.2 410
AFM, |LSDA +GGA[™ 193 143
AFM; 1.6 20
NCM 0 0

The relative ground state energies for all investigated
magnetic structures of Pt3Fe are shown in Table II. Our
calculations have proved that the ground state magnetic
order of Pt3Fe is of noncollinear type, what confirms the
recent neutron spectroscopy measurements [3]. For the
AFM type of magnetic order, the sequence of the calcu-
lated ground state energies (AFMy — higher, AFM; —
lower energy) correctly reproduce the order of the mag-
netic phase transition temperatures (T > Ts). Accord-
ing to the results presented in Table II, at temperatures
~ 20K < T <~ 100 K both types of AF order can co-
exist. Below ~ 20 K the noncollinear magnetic order in
PtsFe develops. This is in qualitative agreement with the
experimental data.
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TABLE III

Magnetic hyperfine field By and main component of electric field gradient (1)
with separated partial contributions, calculated within the LSDA-GGA approach.
The experimental value of .. was estimated for 14.41 keV 5"Fe nuclear excitation,
assuming the asymmetry parameter equal zero and nuclear quadrupole moment of
5TFe equal 0.17 b [14].
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XC potential By [T] Oz [x10% V ]

Lattice|3p-cor.|3d-val. |[4p-val.| Total

AFM; LSDA-GGA 16.2 |-0.001|-0.290| 2.120 | 0.030 | 1.859

AFM2 LSDA-GGA 18.7 | 0.003 | 0.130 |-0.620|-0.020|-0.507

NCM LSDA-GGA 16.5 0.011 | 0.172 |-1.113]| 0.006 [—0.924

NCM LSDA-GGA+U (U =4.5¢eV)| 17.3 |-0.012| 0.072 |-0.311|-0.020|-0.271

Experimental 9., —0.21 x 10>' Vv mz, at T =13 K

The calculated hyperfine parameters in PtsFe are col- Acknowledgements

lected in Table III and compared with experimental data.
The analytic formula of M. Weinert for the main compo-
nent ¥,, of the diagonal EFG allows for the analysis of
separate contributions of states located at different re-
gions of energy scale and with different electronic orbital
quantum numbers. In agreement with previous calcula-
tions for metals reported in [11] we found that the lattice
1., is vanishingly small. The dominant contribution to
1¥,, at Fe nuclei comes from the 3d-type valence elec-
trons cancelled partially by weakly bound 3p core elec-
trons due to shielding effect. The contribution of va-
lence Fe-4p states is negligible. For both AFM phases
the calculated asymmetry parameter is equal zero. For
the NCM structure the asymmetry parameter was found
equal 0.03 within the LSDA-GGA approach, and ~ 0.1
when the enhanced Coulomb correlation for the Fe-3d
states is taken into account. In our previous paper [4]
we presented the detailed discussion of the origin of the
electric field gradient observed in PtzFe despite its regu-
lar crystal structure.

4. Summary

The ground state total energy analysis confirms the
preference for the noncollinear order in PtzFe at low
temperature. The calculated ground state energies for
AFM;, AFM; and NCM magnetic order follows the se-
quence of magnetic phase transitions observed experi-
mentally in PtgFe. Our result for the main component of
diagonal EFG tensor reproduce quantitatively the exper-
imental value. The best agreement is obtained when the
enhanced Coulomb correlation interaction for the Fe-3d
states is taken into account.
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