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No long-range magnetic order in e-lIron down to 160 mK
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Abstract

Epsilon-Fe, the high-pressure phase of elemental iron, is generally regarded as non-magnetic.
However, theoretical predictions and experiments suggest that a residual magnetic moment
exists, which might order at sufficiently low temperatures. Here we report neutron diffraction
data at 20 GPa down to 160 mK to probe this possibility. We find no magnetic long-range order
under these conditions and no evidence for magnetic diffuse scattering, a result which
considerably constrains the size of the magnetic moment, the nature of the putative magnetic
order and its stability range.
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Iron is one of the most abundant and stable elements in the universe. Under
compression, it transforms at 14-20 GPa from the body centered cubic (bcc) a-phase to the
hexagonal close-packed (hcp) e-form [1]. This transition has been extensively studied in the
past, mainly because g-iron is the major component of the Earth’s core. Epsilon-iron is
generally believed to be “non-magnetic”, i.e. either paramagnetic or completely nonmagnetic
with zero spin. This is essentially based on early Mossbauer studies at 19 GPa and down to 30
mK which did not detect a hyperfine splitting which could testify of a local magnetic field [2,3].
However, theory and various indirect experimental findings suggest the existence of a
remanent magnetic moment in e-Fe and hence the possibility of magnetic ordering at low
temperatures [4-10]. Raman data find an unexpected splitting of the TO mode at 20-30 GPa
[4,5] and KP-X-ray emission spectra (XES) and x-ray circular dichroism data [6,7] can be
interpreted as arising from a magnetic moment. Also, resistivity measurements show an
unusual power law in the temperature dependence which indicates para- or ferromagnetism
[8], and this seems to be supported by susceptibility measurements at 300 K [9]. First-
principles calculations [10] have indeed proposed an antiferromagnetic ground state which is
able to explain both the Mdssbauer and the Raman results. This model was recently refined
by including longitudinal spin modulations which leads to a so-called “spin-smectic” ground
state [6]. In all cases theory suggests a sizable moment of 0.5-1 us. To resume, the magnetic
state of e-iron is controversial related to the difficulty to carry out direct and unambiguous
experiments at such extreme pressure-temperature conditions.

In this work we present neutron diffraction data of e-iron at 20 GPa at very low
temperatures down to 160 mK. It extends our previous findings obtained at temperatures
down to 1.8 K [6] by more than one order of magnitude and reduces thereby considerably the
possibility of magnetic order in e-Fe. Neutron diffraction is the most direct and incontestable
probe for magnetic long-range order.

The experimental setup consists of a combination of a VX5 Paris-Edinburgh high-
pressure device [11] with a dilution cryostat. We used double-toroidal sintered diamond anvils
which were made from SUMIDIA WD960 dies from Sumitomo and spark eroded to have a
profile as previously published [12]. The sample consisted of a spherical pellet of pure iron
(99.995% from Aldrich) and mass of 60 mg (volume: ca. 7.6 mm3) which was machined from a
rod of 4 mm diameter. No pressure transmitting fluid was used since commonly available
fluids are solid anyway at the pressure range of interest (10-20 GPa). We used gaskets made
of copper beryllium alloy (NGK BERYLCO 25) because the metal usually employed in high-
pressure neutron scattering, null-scattering TiZr, suffers strong embrittlement at low
temperatures and pressures beyond 10-14 GPa where a phase transition occurs in this
material [13]. This leads to frequent and violent blow-outs, i.e. failures of the gasket resulting
in a rapid decompression with a loss of the sample and often also the anvils. Such a risk had
to be excluded in a complex and time-consuming experiment as ours. Copper beryllium
appeared to be the only safe choice combining high strength, absence of embrittlement and
absence of magnetism down to 0 K. Unfortunately, this alloy produces Bragg reflections (i.e.
it is not null-scattering) which partly overlap with the strongest nuclear reflections of a- and



g-iron. However, the low-Q (low 20) range where magnetic reflections are expected is
completely clear of reflections from gasket and anvils material, as shown further below.

The dilution cryostat hosting the VX5 press is a cryogen-free Triton DR-200 distributed
by Oxford Instruments (Fig. 1). The cell is attached to the stage of the mixing chamber and
placed inside a tight calorimeter filled with 10-30 mbar of helium gas for increasing the
thermalisation. The piston of the press is driven by up to 2 kbar helium gas as in the 3 K PE-
cryostat [14]. To reduce the heat load brought to the press, the high-pressure capillary is
thermally anchored to all stages of the cryostat with copper braids. At 80 mK, the heat flux
into the pressure cell was determined in off-line measurements to be 130 uW. The
temperature of the sample was measured with Cernox and RuO; sensors attached to the top
and bottom of the press. The base temperature depends on the settings of the dilution
process, the nature of the sample as well as the beam characteristics (neutron flux) of the
instrument. There is significant increase in temperature of typically 50-100 mK when the beam
shutter is open compared to no beam on the sample. We measured 70 mK during the
commissioning phase (off-line) and 130 mK during first test measurements under load. In the
current work, temperatures between 150 and 160 mK were reached during measurements
and maintained continuously over 3 days. For the sake of simplicity, we quote as base
temperature 160 mK throughout this text.

All neutron diffraction measurements were carried out at the recently commissioned
XtremeD beamline of the Institut Laue-Langevin (ILL) at Grenoble, France, using a wave length
of 2.4446 A. A detailed description of the instrument can be found elsewhere [15]. The exact
value of the wave length is critical for the pressure determination and was obtained from a
calibration run using the Na,CaszAl>F14 standard. All refinements (including the wave length
calibration) were carried out using the FullProf suite (https://www.ill.eu/sites/fullprof/).

Pressure was applied at room temperature by injecting up to 1350 bar He into the ram
of the Paris-Edinburgh press to generate a force of 90 tons onto the anvils. During the cool-
down, this force was maintained by an automatic gas compressor unit, including across the
solidification of He in the ram at 17 K.

Figure 2 shows diffraction patterns collected during compression at 300 K, from the
ambient pressure bcc phase (a-Fe) to the high-pressure hcp solid (e-Fe). As mentioned further
above, the strongest reflections are from the sample environment, i.e. diamond and Cu:Be
alloy from the anvils and the gasket, respectively. (The Cu:Be alloy was over-annealed to reach
a similar strength as TiZr which leads to the formation of a phase mixture of stoichiometric
CuBe with NaCl structure in an almost pure fcc Cu matrix with an additional reflection at
20=79°). Nevertheless, the o-e-phase transition can clearly be observed by the decrease of
the strong 110 and 200 bcc Bragg peaks at 75° and 120° and the successive appearance of the
101 and 102 hcp reflections of the e-phase at 80° and 116°. At a load of 90 tonnes on the anvils
the patterns indicate pure ¢-Fe. A fit to the 101 and 102 reflections gives 20 positions of 81.56
+/- 0.04° and 115.78 +/- 0.08° at 300 K as well as 81.80 +/- 0.05° and 116.38 +/- 0.07° at 5 K.
From the values we deduce lattice parameters of a=2.458(2) A and ¢=3.926(5) A (V=10.27(3)
A3/atom) at 300 K as well as a=2.454(2) A and c=3.908(5) A (V=10.19(3) A3/atom) at 5 K. Using
the Vinet-equation of state [18] for &-Fe established by Dewaele et al. at 300 K [17] (Vo=11.214



A3, Bo=163.4 GPa, B'=5.38) and 15 K [19] (Vo=11.207 A3, Bo=163.6 GPa, B’=5.33) results in a
pressure of 18.1 GPa at 300 K and 20.0 GPa below 5 K. These values agree well with the
previously established load-pressure curve for such anvils [12]. The increase in pressure is
likely to have occurred within the first few hours after starting the slow (3 days) cooling
process, i.e. above 250 K, probably due to a relaxation in the gasket.

Figure 3(a) shows patterns at base temperature (160 mK) and 5 K, accumulated for 36
and 40 hours, respectively. The 5 K pattern was chosen as a reference as we know from
previous data that there is no magnetic long-range order at this temperature [6]. Any magnetic
signal, if it exists, should show up below 1.8 K and be visible in the difference curve shown in
the lower panel (b). The error bars in the (b) arise from the 1/\/N statistics where N is the
number of neutrons in a given channel. Given the fact that theory suggests antiferromagnetic
ordering [10, 6], potential magnetic Bragg reflections are expected in the low-26 range left to
the first nuclear reflections, i.e. below 80°. Figure 3b gives no evidence for this within a
precision better than 1%. In fact, the standard deviation of the data from zero is 0.4%, taken
over the whole 20 range. There is no evidence for ferromagnetic order either, as no change in
intensity of the 101 (81°) and 102 (116°) reflections can be detected.

There is obviously the possibility that long-range magnetic order is not observed
because the moments are considerably smaller than predicted by theory. To explore this
potential case, we simulated the AFMII structure assuming moments of different magnitude
and compare it with the statistical noise in the region of interest, as shown in Fig. 4.
Specifically, we take the nuclear (crystal) structure from the Rietveld refinement [20] to the
160 mK data as shown in the inset of Fig. 4, fix its parameters and add the magnetic structure
assuming a moment of 0.5, 0.3 and 0.2 Bohr magnetons (us). The main panel of Fig. 4 then
shows the difference plots of these three simulations with respect to the simulation with m =
0 us (no magnetism), and compares it to the experimental data, i.e. the difference between
160 mK and 5 K patterns. From this we conclude that the detection limit in our measurements
is between 0.1 and 0.2 pg. Any ordered magnetic moment below this value would have
remained undetected. Note that the intensity of magnetic Bragg reflections varies with the
square of the magnetic moment. In fact, magnetic order with moments below typically 0.1 us
are very difficult to detect by non-polarized neutron scattering, even with macroscopic
samples at ambient pressure.

A second possibility is that short-range magnetic correlations occur, and no long-range
static order, giving rise only to diffuse magnetic scattering without any Bragg reflections.
Short-range magnetic correlations are observed frequently above magnetic ordering, or down
to 0 K as a result of magnetic frustration. Fluctuations have been suggested for the “spin-
smectic” ground state [6].

In the case of short-range magnetic correlations, a simple estimate using Scherrer’s
formula shows that the correlation length of a magnetic feature (more exactly the size of the
ordered domains) must be larger than 20-30 A to produce a measurable peak broadening at
a wave length of 2.445 A. In other words, if the correlations extend over a distance of only
several lattice parameters, diffuse magnetic scattering would have remained undetectable in
this experiment, even for large moments.



There could be the possibility of fluctuations which may wipe out long-range ordering
even in the case of relatively large moments and correlation lengths. Neutron diffraction is
sensitive to it if they are slower than the neutron coherence time t~ h/2E where h is
Heisenberg’s constant and E the energy of the neutron [21]. The neutron coherence time is
the time-resolution of a neutron measurement related to the Heisenberg’s uncertainty
relation in the time-energy domain. In our case this gives t ~ 2x10'* sec which is consistent
with the absence of a Mdssbauer signal which would be visible for fluctuations slower than
107 sec [22]. The fact that we do not see any diffuse or Bragg scattering freezing out from
such hypothetical fluctuations at 160 mK would hence place a lower limit on their speed on
the order of 10-100 fsec. Unfortunately, the “spin-smectic” model [6] gives no time scales in
such a scenario which can be compared to experiments. The main reason for the absence of
magnetic long-range order is explained by weak inter-layer interactions which then may result
in local spin fluctuations.

To summarize, we have presented neutron diffraction data of e-iron to unprecedented
low temperatures, i.e., 160 mK, which is more than one order of magnitude lower in
temperature compared to previous neutron measurements. This has been made possible due
to recent developments in cryogenic and high-pressure techniques. We find no evidence of
long-range magnetic ordering, ferro or anti-ferromagnetic, contrary to several predictions
from first-principles calculations [10, 6]. This result does not necessarily exclude the existence
of a remanent magnetic moment in g-iron, but considerably reduces various possible
scenarios: If there is long range order at 160 mK, the ordered moment has to be smaller than
~0.2 pg, i.e. ~10 times lower that in bcc iron and 3-5 times smaller than suggested by theory
[10, 6] and XES measurements [6]. If, on the contrary, the moment is larger than this value,
magnetic order must be of short-range nature with correlation lengths less than 10-20 A, i.e.
typically a few unit cell distances, or imply also very fast fluctuations, as for example in the
case of a “spin-smectic” ground state [6]. To distinguish experimentally between these cases
needs a probe which is sensitive to local magnetic fields at positions other than those of the
iron nucleus where the hyperfine-field seems to be very small. Muon spin spectroscopy which
probes the field at interstitial positions would be an interesting option, though the maximum
pressures reachable up to date are limited to approximately 3 GPa [23].

The techniques developed in this work opens promising experimental possibilities for
the study of structures and excitations in condensed matter at extreme P/T conditions.
Examples include the behavior of magnetically frustrated systems which order close to 0 K
[24], the interplay between magnetism and superconductivity [25], and investigations of
guantum critical points and other emergent quantum phenomena in condensed matter.
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Figure 1. Upper: Internal view of the dilution cryostat hosting a VX5 PE press. The press
is suspended to the stage of the mixing chamber with a support made from OFHC copper. To
speed up the cool-down and reduce temperature gradients, the press is installed in a tight
chamber filled with 20-30 mbar He and its top and bottom faces are thermally linked with Cu
braids. Lower: Temperature variations during cooling, measured at different locations during
a test run down to 70 mK for several days. Photo ©Ecliptique: L. Thion
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Figure 2: Neutron diffraction patterns of iron upon compression from the ambient-
pressure a-phase to high-pressure g-iron, at 300 K. Curves are shifted by +20 vertically to avoid
overlap. Most of the strong reflections are from diamond (anvils) and the gasket material
(copper beryllium). Pressure values were determined from the 300 K equations of state of a-
Fe [16] and e-Fe [17].
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Figure 3: Diffraction patterns of e-Fe over the full 20 range (panel a), at 5 K (red) and
160 mK (blue). The accumulation time is 36 and 40 h, respectively. The 160 mK patterns were
shifted by +5 vertically to avoid overlap. Panel b: Relative difference between 160 mK and 5 K
data. The standard deviation over the entire range (863 points) is 0.42%.
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Fig. 4: Main figure: Simulation of magnetic Bragg reflections according to the AFMII
structure proposed by theory [10] assuming a magnitude of the magnetic moment m of 0.5,
0.3 and 0.2 Bohr pg. The corresponding measured data (5 K— 160 mK patterns) are shown as
dots. Inset: Neutron diffraction data (dots) and Rietveld refinement (line through the data)
with the difference curve plotted below. The refinements include four phases: ¢-Fe, Cu, Cu:Be
alloy and diamond. See fig. 2 for peak assignments.
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