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Absence of Magnetism in Hep Iron-Nickel at 11 K
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Synchrotron Mossbauer spectroscopy (SMS) was performed on an hcp-phase alloy of composition
Feg,Nig at a pressure of 21 GPa and a temperature of 11 K. Density functional theoretical calculations
predict antiferromagnetism in both hcp Fe and hcp Fe-Ni. For hcp Fe, these calculations predict no
hyperfine magnetic field, consistent with previous experiments. For hcp Fe-Ni, however, substantial
hyperfine magnetic fields are predicted, but these were not observed in the SMS spectra. Two possible
explanations are suggested. First, small but significant errors in the generalized gradient approximation
density functional may lead to an erroneous prediction of magnetic order or of erroneous hyperfine
magnetic fields in antiferromagnetic hcp Fe-Ni. Alternately, quantum fluctuations with periods much
shorter than the lifetime of the nuclear excited state would prohibit the detection of moments by SMS.
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Elemental iron, which has the body-centered cubic (bcc)
crystal structure at ambient temperature and pressure,
transforms to the hexagonal-close packed (hcp) phase at
a pressure of approximately 13 GPa. The properties of hcp
Fe are important for understanding the geophysics of the
core of the Earth and for understanding the propagation of
high-pressure shock waves through engineering materials.
An antiferromagnetic (AFM) ground state has been pre-
dicted repeatedly for the hcp € phase of iron [1-8], but, in
the nearly 50 years since e-Fe was first synthesized [9],
Mossbauer effect experiments have never detected the
presence of a hyperfine magnetic field (HMF) [10-12],
implying the absence of static magnetic moments or mag-
netic order. Recent density functional theory (DFT) calcu-
lations have suggested that the vanishing HMF in hcp iron
can be explained by cancellation of a large core elec-
tron polarization by an equally large itinerant electron
polarization in the afinll antiferromagnetic state [1,5,6].
This hypothesis neatly explains the null results of the
Mossbauer measurements but sustains the possibility of
antiferromagnetism in e-iron. DFT calculations for the
afmll structure have shown markedly better agreement
with equation of state and elasticity measurements than
nonmagnetic calculations [5] and have provided an expla-
nation for the split Raman mode in e-Fe [13] and a con-
sistent calculation of this splitting [6]. These findings,
taken together with the recent discovery of an unusual
form of superconductivity in e-Fe [14], lend new impor-
tance to determination of the correct magnetic ground state
of e-Fe, a topic with considerable history.

In the present work, we tested the idea that e-iron is
antiferromagnetic yet exhibits no hyperfine field owing to
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the cancellation of up and down spin densities at iron
nuclei. If indeed a delicate balance between core and
conduction electron polarization exists, a magnetic pertur-
bation should disrupt it, producing measurable hyper-
fine magnetic fields. Local hyperfine magnetic field per-
turbations at °’Fe atoms caused by impurities have been
thoroughly investigated by Mdssbauer [15—-17] and NMR
[18] spectrometry measurements on iron-rich bcc alloys.
Transition metal solutes such as nickel cause increases of
the magnetic moments at neighboring iron atoms, altering
their core electron polarizations [15,17,19]. In addition, the
altered magnetic moment at the solute site causes a redis-
tribution of spin density of the conduction electrons.
Hyperfine magnetic fields at iron atoms with nickel neigh-
bors in bec alloys differ by tens of kiloGauss with respect
to pure iron. Mossbauer spectroscopy techniques are able
to resolve HMF values of approximately 10 kG, and
smaller effects can be detected from the broadening of
spectral lines. We expect that, in the case of static magnetic
moments, an hep iron alloy dilute in nickel with the afimil
spin structure will exhibit local environments with non-
negligible hyperfine magnetic fields.

An alloy of nominal composition Feq,Nig was made by
arc-melting iron of 99.99% purity with 20% enrichment in
SFe and natural nickel of 99.98% purity in an argon
atmosphere. No mass loss was detected, and electron mi-
croprobe measurements established an actual composition
of Fe( 959Nig g7;. The resulting ingot was then rolled to a
thickness of 50 wm. X-ray diffractometry with Cu K,
radiation showed a uniform bcc structure with (2 0 0)
texture and a lattice parameter almost identical to that of
pure iron. A series of energy-dispersive x-ray diffraction
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FIG. 1. Selected energy-dispersive x-ray diffraction patterns . o ) Y
from Feg,Nig from 1-24 GPa. The alloy transformed from the b

a phase to the € phase between 9 and 10 GPa.

(EDXRD) patterns were measured at beam line X-17C of
the National Synchrotron Light Source to identify the
pressure of the @ — € phase transition. The sample was
loaded in a Merrill-Bassett diamond anvil cell (DAC) [20]
with diamonds having 500 um culets, silicone oil as the
pressure medium, and 301 stainless steel as a gasket ma-
terial. The ruby fluorescence technique was used for pres-
sure determination [21]. The EDXRD patterns (Fig. 1)
showed that the a — € phase transition occurred at ap-
proximately 10 GPa. No bcc diffraction peaks were de-
tected at pressures higher than 14 GPa. The (1 1 0)a peak
is clearly visible at 9.5 GPa but disappears at 10.1 GPa and
coincides with the appearance of the (1 0 0)e and (1 0 1)e
peaks. The (2 0 0)e peak is weak, typical of effects from
crystallographic texture.

Full-potential DFT linearized augmented plane wave
(LAPW) calculations were performed in the generalized
gradient approximation (GGA) [22] with the WIEN2K soft-
ware package [23]. A 16 atom supercell belonging to the
Pmma space group was constructed for the composition
Fe;Ni; (Fig. 2), and some computations were performed
for a 16 atom cell of composition Fe;sNi;. For Fe;Nij,
an 11 X 8 X 5 special k-point mesh was used, containing
500 k points in the Brillouin zone and 72 points in the
irreducible wedge. A muffin-tin radius Ry of 2.0 au was
used, and RypK,.x Was 8. Spin-polarized total energy
calculations were performed for the afmll structure, for
which spins were assigned according to the scheme of
Steinle-Neumann et al. [6] and are also shown in Fig. 2.
Unpolarized calculations were also performed for the non-
magnetic structure. Total energies were computed for a
range of cell volumes and the resulting energy-volume
curves fitted to the third-order Birch Murnaghan equation
of state.

FIG. 2 (color online). The Fe,;Ni; supercell with the afinll spin
structure [6]. Crosses denote a spin orientation pointing into the
page, while circles indicate spin pointing out of the page.

The calculations on the Pmma Fe,;Ni; supercell showed
that the afmll (AFM) structure is more stable than its
ferromagnetic or nonmagnetic (NM) counterparts at a
pressure of 21 GPa at 0 K. We calculated a total energy
difference of 3.5 mRy per atom between the two states at
their zero-pressure volumes (71.5 and 69.2 au®/atom for
AFM and NM, respectively) and a difference of 2.4 mRy at
21 GPa (65.5 and 64.6 au® /atom for AFM and NM, re-
spectively). Hyperfine magnetic fields (HMFs) were calcu-
lated for the AFM structure and are tabulated in Table 1.
The largest HMFs were from Fe atoms neighboring the Ni
atom, and this same result was found for Fe;sNi;.
Disordered systems could be studied using the coherent
potential approximation (CPA) [24], but that would not
allow us to examine the importance of proximity of the Fe
to the Ni atoms. Real space methods such as the locally
self-consistent multiple scattering (LSMS) method [25]
would allow such information to be obtained, but a full-
potential implementation would be necessary, and full-
potential versions are not yet completely tested. We used

TABLEL HMF at Fe in e-phase afimll Fe;Ni
(65.5 au’/atom) and e-phase afinll Fe (65 au’/atom).

Atom Bval [kG] Bcore [kG] Btot [kG]
Pure Fe 89 -85 4

Fe 1 in Fe;Ni; 133 —108 25
Fe 2 in Fe,Ni, 117 ~107 10
Fe 3 in Fe,;Ni; 130 —-91 39
Fe 4 in Fe,;Ni; —85 109 24
Fe 5 in Fe;Ni; —102 168 66
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the supercell method, and the fact that we obtain the same
results for two supercells of very different composition
suggests strongly that CPA or LSMS would also predict a
magnetic state with noncancelling HMFs.

Synchrotron Mdssbauer spectrometry (SMS) experi-
ments were performed at beam line 16 ID-D of the High-
Pressure Collaborative Access Team (HP-CAT) at the
Advanced Photon Source. A symmetric piston-cylinder
type diamond anvil cell was employed with diamonds of
500 wm culet diameter. A rhenium gasket contained the
sample and the silicone oil pressure medium. The sample
was compressed to 20.8 GPa as measured by ruby fluores-
cence. The DAC was installed in the cold head of a Cryo-
Industries “He flow cryostat that was mounted on the
positioning stage of 16 ID-D. Synchrotron Mdssbauer
spectroscopy measurements were made by counting the
delayed, coherent products of nuclear deexcitation as a
function of time. The synchrotron ring was operated in
top-up singlet mode with 153 ns bunch separation. A
silicon high-resolution monochromator delivered 2 meV
bandwidth. Spectra were recorded at ambient temperature
(296 K) and at 11 K, as monitored within the cryostat by a
pair of diodes, located at the capillary orifice and at the
sample.

The SMS spectra from a sample at ambient pressure and
temperature show the quantum beats expected from the
ferromagnetic « phase superimposed on a dynamical beat
pattern resulting from the large effective thickness of the
sample (Fig. 3). The time spectra from the pressurized
sample exhibit only dynamical beats at both 296 and
11 K (and for a different sample at 77 K). Using the
program CONUSS [26], theoretical curves were fit to the
measured data. The best fits to the e-phase data were
obtained when the hyperfine magnetic field parameter

0 GPa, 296 K
e

Log Intensity [arb. units]

Time [ns]

FIG. 3 (color online). SMS spectra from Feg,Nig at various
temperatures and pressures. The numerical scale applies only to
the topmost curve and is provided as a reference. Solid lines are
theoretical fits to the data. At 0 GPa and 296 K, the sample is
bce. At 21 GPa, it is hep.

was set to zero. The HMF distribution in Table I was input
to CONUSS to generate the expected SMS spectrum for
afmll Fe;Ni; and Fe;sNi; at 20 GPa. The results for
Fe,;Ni; are compared to the experimental SMS spectrum
in Fig. 4. The calculated HMF would modulate substan-
tially the SMS spectrum, but this is not seen in the data.

One possible explanation of the lack of an observed
HMF would be if the Néel temperature T is below the
measurement temperature of 11 K. We obtained an esti-
mate of T using a multiscale approach for pure iron [27].
We used a tight-binding model that was fit to LAPW
calculations within the GGA [1,28] to compute the ener-
gies for 93 different magnetic configurations and moments
for 4 and 64 atom supercells. Parameters of an extended
Heisenberg model [29] were fit to the total energies, and
classical Monte Carlo (MC) simulations were performed
on a 512 atom hcp supercell. We obtain 7 = 350 K at
70 au’/atom, 75 K at 65 au®/atom, and 0 K (only very
small moments are present) at 60 au®/atom. The cor-
responding pressures for the theoretical equation of state
are 0, 21, and 55 GPa. Diffraction data on our sample
gives a volume of 70.85 au® at 19 GPa (a = 2.468 A, ¢ =
3.977 A). The MC results suggest strongly that the mea-
surement temperature of 11 K should be below 7. The
possibility remains that geometrical frustration in hep leads
to a degenerate ground state that would be sampled by
quantum fluctuations at low T [30].

This leaves two apparent explanations of the results. The
first is that the GGA functional is overestimating the
exchange coupling in hcp Fe, predicting incorrectly the
magnetic order. The errors could not be too large, because
the transition pressure from magnetic bce to hep is well-
predicted by the GGA [7]. We find that a 20% decrease in
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FIG. 4. Experimental data from hcp Feg,Nig at 11 K and a
simulated SMS spectrum generated with CONUSS based on DFT
calculations of HMF in Fe;Ni,. Inset: The HMF distribution for
the simulated spectrum.
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the effective Stoner exchange parameter / from the fitted
value of 1.0746 eV/ug to 0.90 gives a drop in moment
from 1.077 u per atom to 0.053 at 70 au®/atom. An over-
estimate of the exchange coupling by 20% by the GGA
does not seem unreasonable.

Alternatively, quantum spin fluctuations [31,32] in
€-iron may be too fast for the Mossbauer time window of
a few nanoseconds, inhibiting detection of a hyper-
fine field. FeAl presents a similar case, where DFT predicts
a magnetic ground state not observed experimentally; dy-
namical mean field theory computations correctly give a
paramagnetic ground state due to spin fluctuations [32].
Also, the hcp lattice is geometrically frustrated with re-
spect to antiferromagnetism, and it is known that fluctua-
tions play an important role in the physics of many
frustrated antiferromagnets [33,34]. Spin fluctuation rates
in the gigahertz range have been identified in these mate-
rials and cannot be discounted for e-Fe. (A third possibility
is that a chemically disordered Fe-Ni alloy, unlike the
ordered supercell we studied, has precise cancellations of
its HMF’s. We believe this unlikely, given the consistency
of results from different supercells and the local nature of
the effects of Ni atoms on the 3’Fe HMF. Future compu-
tations using CPA, LSMS, or related methods could test
this.)

Our results suggest that hcp iron-nickel, and possibly
pure hep iron, do not have static antiferromagnetism, con-
trary to predictions of DFT. The ability of solute atoms to
disrupt electron spin density at neighboring atoms suggests
that there is no magnetic structure to disrupt. The possi-
bility remains that quantum spin fluctuations are occurring
on a time scale faster than our experimental measurements.
Such fluctuations could explain the apparent greater accu-
racy of magnetic DFT computations over nonmagnetic
computations for elastic properties and for the observed
Raman splitting and superconductivity.
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