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Abstract

Principles behind antiferromagnetic spintronics often claim that an antiferromagnet (AF) cannot
be manipulated by external magnetic fields and that domain walls (DWs) are highly mobile and
do not suffer strong pinning while maintaining robustness during thermal fluctuations. Using
dysprosium (Dy) as an example, we take the opposite view. The functionality of a helical AF in
Dy uses two intrinsic properties of chiral DWs: their intrinsic magnetization and their freezing just
below the Neel temperature. Experiments with Dy single crystal show that field cooling through
the fluctuation regime converts a helical AF into a domain wall-dominated system with striking
properties related with robustness of frozen chiral DWs. On the other hand, chiral DWs are easily

controlled by external fields throughout the fluctuation regime.



.  INTRODUCTION

Domain walls (also referred to as domain boundaries) are behind the defining properties of ferroics
and multiferroics, like their field induced hysteresis. DWSs are intrinsic interfaces that can be
created, erased or moved by external fields in contrast to chemical impurity or artificial interfaces
[1]. Designing specific stable domain structures suitable for practical applications like data storage
is referred to as “Domain Boundary Engineering” [2]. Domain walls typically constitute only a
small volume fraction of the sample (crystalline or amorphous as e.g. magnetic DWs in
ferromagnetic metallic glasses). Nevertheless, DWs can govern macroscopic response in so-called
domain wall dominated systems [3,4] when their density becomes extremely high and/or when
their properties are so different from the bulk properties that they short-circuit the bulk. The latter
case is in some transport properties [5-7] or when ferroic properties (polarity, ferromagnetism)
exist exclusively in walls [8-10]. The former case is exemplified by adaptive structures close to
morphotropic phase boundaries in functional ferroelastic shape memory alloys [11], piezoelectric
perovskite oxides [3,12], terfenol ferromagnetic alloys [13]. These domain-dominated systems
show high piezoelectric and magnetoelastic responses.
Antiferromagnets (AFs) have much faster spin and DW dynamics than ferromagnets [14-17].
Moving AF domain walls do not show Walker breakdown in contrast to ferromagnetic materials.
AF spintronic devices were reported that can be used for writing, reading, high-density data
storing, spin-current generation and transmission [14,16-22]. AF memory devices are robust
against cross-talk and unwanted reading of the stored data. Large spin lattices are supposed to be
ideal for device applications, although submicron size domains are occasionally reported [14].
Recently, Reimers et al. [23] emphasized the role of DWs in AF spintronics and showed that in
thin films of CuMnAs lattice defects such as twins and antiphase boundaries govern magnetic 90°
and 180° DWs. Yoon et al. [24] have considered chiral DWs as active elements of racetrack
memory using synthetic AF—ferromagnet junctions. They reported critical depinning currents for
DWs in AF and ferromagnetic parts of the junction and analyzed effects of thermal activation on
the energy barriers for the ferromagnetic and AF parts of the junction and for DW injection.
Stability of the stored data is conditioned by thermally activated DW fluctuations [25,26].
Magnetic anisotropy and the associated thermal stability of the memory states in antiferromagnetic
materials and structures are a hot topic in AF spintronics [18]. X-ray photon correlation
spectroscopy was used to track domain fluctuations in bulk Cr [26] with spin density modulated
AF structures, and epitaxial films of rare-earth helical Ho of 11 monolayers [25] and 500 nm thick
Dy [27]. The effect of temperature on DW fluctuations was different in collinear and helical AFs.

In Cr, the fluctuations persisted down to 4 K and showed two distinct timescales. The timescale of
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the predominant slow process increased strongly with cooling and then levelled off, remaining
constant below ca. 40 K due to quantum tunneling effects. In Ho [25], AF ordering was smeared
due to the fluctuations of the film thickness close to the AF stability limit. Despite the difference
in the film thickness and in contrast to Cr, both Ho and Dy films show rapid freezing of DW
fluctuations within a few degrees below the Néel temperature, Tn. Acoustic experiments with bulk
polycrystalline Dy [28] showed glassiness of AF domain wall relaxation down to 140 K. DW
fluctuations were attributed to critical fluctuations during AF ordering [28].

Apart from DW freezing, another characteristic of helical AFs is the intrinsic magnetic
moment of the chiral DWs perpendicular to the six-fold rotation axis of the hexagonal structure.
Kobayashi [29] emphasized that these DWs (also referred to as Hubert walls [30,31]) behave as
thin ferromagnetic layers. Since Hubert walls possess net magnetic moments in the AF matrix,
they can be classified as functional DWs. Potential functionalities of the helical AF thus might be
like those of polar twin boundaries and tweed structures in non-polar ferroelastics, e.g. those with
perovskite structure [32-34].

Major efforts in AF spintronics focused previously on the Néel vector and DW control in
collinear AF by electric current [14,18,19-21], strain [35], optical excitation [16-18]. Chirality
control by electric current has recently been reported in helimagnetic MnAu; thin films under a
magnetic field [36] and in helimagnetic FesGas at room temperature by applying an electric pulse
in the presence of specific magnetic field [37]. DWs are supposed to be mobile but not susceptible
to thermal fluctuations and external field. Here we introduce an inverse problem of functionality
of frozen or jammed chiral DWs in spiral AFs which are robust against field, temperature and
magnetostructural transition, but can be controlled by external field over the range of DW
fluctuations. We focus on the following questions: (i) Do Hubert walls keep the magnetic moments
below the freezing temperature and can they be manipulated by external fields? (ii) How can one
identify Hubert walls through macroscopic properties and what functionalities of Hubert walls can

be expected?

Il. METHODS

A. SAMPLES PREPARTION

1. DYSPROSIUM SINGLE CRYSTAL
Our experiments were performed in Dy in which the Néel, Tn = 177 K, and Curie temperatures Tc
~ 87 K are well separated. Between the Néel and Curie temperatures Dy has the helical magnetic
structure with rotation axis aligned along the c-axis of the hexagonal close-packed crystalline

structure [29,38-41]. The turn angle between the magnetic moments in the adjacent basal planes
3



decreases continuously on cooling from ca. 42.9° at Tn to 24° at Tc [38,42]. At certain
temperatures, the AF spiral becomes commensurate with the periodicity of the crystalline lattice
along the c-axis [38,39]. Below Tc Dy is a collinear ferromagnet along easy a-axis [29,43]. The
material was supplied by Suzhou Chemical. Ltd, China. The purity was 99.0% (99.9 % with
respect to rare earth elements). Main impurities were O (0.17%), Ca (0.054%), Fe (0.029%), Al
(0.028%), C (0.015%), Si (0.012%) and rare-earth Ho (0.012%). Other rare earth elements were
below 0.01%.

Single crystalline samples were employed to avoid high thermal stresses in hexagonal polycrystals
that could provoke slow relaxations under changing temperatures [40]. Thermal stresses in
polycrystalline Dy are related to exceptionally high anisotropy of the thermal expansion in the AF
state: the thermal expansion is negative and positive along and across the c-axis [41,39]. Single
crystals of Dy are difficult to produce [44,45] due to the high reactivity of the melt with the
crucible material and due to oxidation of the melt.

A single crystal was grown using the floating zone method. 4-mm-diameter polycrystalline feed
rods were first prepared by arc melting and suction-casting into a copper mold under high purity
Ar atmosphere. Subsequently, these rods were placed into a quartz chamber of a four-mirror
optical floating zone furnace (FZ-T-1200-H, Crystal System Corporation, Japan). The single
crystal was grown under high pressure (10 MPa) reducing Ar+H5% atmosphere. The feed rod was
suspended in the upper shaft and the seed rod was fixed in the lower shaft. Both rods were rotated
at 10 rpm in opposite directions. The growth rate was 10 mm/h. The orientation of produced Dy
single crystal close to the close-packed [1120] direction was determined by Laue backscatter
method. Cylindrical samples of ca. 4 mm in diameter and 15.6 mm long were used for acoustic
measurements. 1-mm-thick disk-shaped sample with flat surface perpendicular to the [1120]
direction was used in SQUID experiments. The mechanical stress in acoustic experiments and
magnetic field in SQUID were applied along the close-packed [1120] direction.

2. POLYCRYSTALLINE TERBIUM
A simple check of the contribution of DWSs to the magnetization close to the Néel temperature was
performed for polycrystalline Terbium (Th) of 99.5% overall purity and 99.99% purity with
respect to rare earth elements. Fe (0.075%), Ca (0.047%), C (0.027%), Si (0.025%) and Al

(0.013%) were the main impurities. All rare earth elements were below 5 ppm.

B. DYNAMIC AND STATIC MEASUREMENTS
Dynamic and static experimental methods were used to detect DW freezing into a glassy or

jammed state [46,47] and to evaluate the macroscopic response of the AF.



1. MECHANOMAGNETIC SPECTROSCOPY
As a dynamic method, mechanomagnetic spectroscopy [48] was employed, which determines the
magnetic mode [48,49] of the ultrasonic composite oscillator technique in longitudinal resonance
[50,51]. The samples were bar-shaped, the measurement frequency was near 90 kHz, the measured
parameters were the Young's modulus, YM, and the internal friction, IF, expressed as logarithmic
decrement §. An additional magnetic channel served to capture a periodic flux density induced in
the sample by the oscillatory stress. The periodic flux density was detected by means of a small
pickup coil placed around the middle section of the sample, which is the stress/strain antinode for
the fundamental longitudinal resonance. The elastic strain in the strain antinode is

e(t) =gysin2x ft, where g is the elastic strain amplitude. The predominant first harmonic of the

stress-induced periodic flux density is
B(t) = By, sin(27 ft + ¢) = By sin 27 ft + B, cos 27 ft (1)

where Bm and ¢ are modulus and the phase of the first harmonic of the periodic flux density, Bo
and Bo" are amplitudes of its real and imaginary parts, respectively. A lock-in amplifier with
reference oscillatory strain signal was used to measure Bm, Bo and Bo". In our experiments Bo"<<Bo
and only Bm and Bo are analyzed. As we use ultrasonic frequencies, this method is highly sensitive
to variations of the magnetic flux density across the sample. In our experiments the resolution of
Bo is better than 10° T. This value corresponds to the amplitude of periodic stress-induced
magnetization of ca. 10 A/m.

Bo normalized by the oscillatory stress amplitude oo is the reversible inverse
magnetostriction (RIM) [49,52]. For narrow magnetic hysteresis and small stresses, the field

dependence of Bo/o, relates to the magnetostriction A [49]:
"B
AH)~ [ =2dH . )
0 %0

Following Bozorth [52], we denote the ratio Bo/co for low stress amplitudes as A. o, was derived
from the experimentally determined Young's modulus £ via g, = E¢,. The oscillatory strain
amplitude was 2x10° in all acoustic experiments and o, varied slightly with temperature between

0.135 and 0.143 MPa due to the temperature dependence of the Young”s modulus.



Measurements of Bo were performed either as a function of temperature under constant
external field H or under cyclic H at a fixed temperature. The second protocol yielded hysteretic
loops RIM versus H. The RIM temperature spectra were measured between 210 and 100 K
(paramagnetic and AF phases) with a cooling/heating rate of 2 K/min. Axial polarizing field up to
18 kA/m was created by a 500 mm long, 60 mm diameter solenoid. Hysteresis loops RIM versus
polarizing field H were obtained under field cooling (FC) and zero field cooling (ZFC) protocols
for selected temperatures between 177 and 100 K during interruptions of cooling scans. ZFC
hysteresis loops were measured after cooling the sample to the selected temperature under H = 0
and holding the sample for 20 min to stabilize the temperature. FC hysteresis loops were measured
after cooling the sample under field to the desired temperature, switching off the field and holding
the sample for 20 min under H = 0 to stabilize the temperature. Hysteresis loops were measured
under saw-tooth periodic ramp with a frequency of 0.002 Hz. Each loop contained 100
experimental points. Two consecutive loops were measured at each temperature. The second loops

are analyzed in the following.

2. SQUID MEASUREMENTS

The static characteristics as volume magnetization M, DC susceptibility » and remnant
magnetization Mrem Were studied in a Cryogenic S700XR rf/dc SQUID magnetometer.

All temperature dependences, except for that of remnant magnetization, were measured under FC
and ZFC protocols. The former implied cooling the samples under external field from 230 K to 75
K (beneath the Curie temperature). In ZFC experiments the sample was first cooled to 160 K under
zero field, followed by application of the field at 160 K and cooling to 75 K. The temperature
dependence of the remnant magnetization below 160K was studied after cooling the sample under

field to 160 K and switching off the field at this temperature, followed by further cooling.

1. RESULTS

A. FIELD COOLING AND ZERO-FIELD-COOLING REVERSIBLE INVERSE
MAGNETOSTRICTION - TEMPERATURE SPECTRA AND FIELD HYSTERESIS

The ultrasonic IF (&) and YM (£) in the antiferromagnetic phase of Dy during thermal cycling are
shown in Fig. 1(a). The Néel temperature Tn = 177 K is marked by a sharp IF peak and a YM dip
[53-56,28]. The IF is low in the paramagnetic phase (6 ~ 10 just above the Tn) and increases
nearly by one order of magnitude to § ~ 8x10* just below Ty in the AF phase. Apart from the
sharp IF peak of the AF ordering, a shoulder is found near 167 K. The IF declines rapidly at lower

temperatures. The IF and YM show thermal hysteresis between 100 and 140 K and between Tn =
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177 K and ca. 160 K. Measurements under applied fields of 3, 6, and 12 kA/m indicate that thermal
hysteresis is concomitant with a weak increase of damping with increasing fields. The thermal
hysteresis between 100 and 140 K is attributed to the formation of ferromagnetic nuclei on cooling
close to the Curie temperature [57]. We relate the thermal hysteresis between the Néel temperature
and 160 K, the IF shoulder, and the IF sensitivity to magnetic field with magnetic moments of

Hubert DWs which contribute to the damping above the freezing temperature.
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FIG. 1.

Single crystalline Dy sample, temperature dependences under polarizing field of 3.0, 6.0 and 12 kA/m and
oscillatory strain amplitude of 2x10°®. (a) Internal friction (§) and Young’s modulus (E) during cooling and
subsequent heating between 210 and 100 K. (b) Modulus of the first harmonic of periodic stress-induced
flux density Bm on cooling and subsequent heating measured simultaneously with the internal friction and
Young’s modulus in panel (a). The inset shows the phase of the periodic flux density with respect to the
oscillatory strain signal. (c) Reversible inverse magnetostriction A, normalized by the value of applied field
H; the field-cooled (FC) data are shown between 210 and 100 K, zero-field-cooled (ZFC) curves are
measured for the field applied at 160 K. The inset shows details of FC data close to the Néel temperature.
(d) Difference AA between reversible inverse magnetostriction under field-cooling and zero-field-cooling

protocols. The inset shows the field dependence of AA at 100, 125 and 150 K.

Figure 1(b) shows the modulus of the first harmonic of periodic stress-induced flux density,
B,,, measured simultaneously with the IF and YM spectra shown in Fig. 1(a). The B,, vanishes at

173 Kand 176 K. The inset in Fig. 1(b) shows that the phase of B(t) with respect to the periodic
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elastic strain changes by 180° in these points. Hence, B, (T) crosses the temperature axis at 173 K
and 176 K and becomes negative over a narrow interval between these temperatures. We
demonstrate later that for these temperatures By(H) loops align along the field axis like a

“horizontal hysteresis” in the field of ferroelectrics [58].

The RIM may include both lattice and DW-related components. Provided Hubert DWs
freezing affects the magnetoelastic coupling, one should expect different RIM patterns for field
cooling (FC) and zero field cooling (ZFC) through the temperature range of DWs freezing. We
take 160 K as the temperature of the frozen state of DWs [27,28]. Temperature spectra of A for FC
and ZFC protocols under different H normalized by the value of the applied field are compared in
Fig. 1(c). Under FC, the RIM scales with H in the paramagnetic phase and during AF ordering
approximately down to the By(T) minimum: the inset in Fig. 1(c) shows that the normalized
spectra collapse over this temperature range. At temperatures below the B, (T) minimum, the
spectra for different H diverge: the higher H the lower is the B, /H ratio. This observation implies
that RIM derived from FC experiments does not scale with H and has a weaker than linear
dependence on the applied field. Similar RIM curves under ZFC protocol (when the field is applied
at 160 K) are also shown in Fig. 1(c). ZFC data normalized by external field collapse into a single
master curve, which falls below the FC dependences. The scaling of ZFC curves proves their
perfect linearity with H and, according to Eq. (2), corresponds to the conventional parabolic field
dependence of the lattice magnetostriction in helical AFs, see e.g. [43]. The difference AA(T)
between FC and ZFC curves is shown in Fig. 1(d). The field dependences of AA(H) at 100, 125

and 150 K in the inset point to a gradual saturation above ca. 5 kKA/m.

Crucial information on the role of DWs is provided by the hysteresis loops (HLs), A(H) as
measured at temperatures above, below and inside the range of supposed DW freezing. Figures
2(a) and 2(b) show the ZFC loops measured at temperatures between 177 and 100 K after
interruptions of cooling under zero external field H = 0. Figure 2(a) shows the HLs between Ty
and expected freezing temperature of 160 K, Figure 2(b) — the HLs corresponding to the frozen
state of the DWs below 160 K. Figure 2 reveals the following salient features of the hysteresis.

- The HL at 177 K is in the 1% and 3™ quadrant; the HLs at 175 and 173.5 K are in the 2™
and in the 4" whereas the HLs at 171 K and lower temperatures return to the 1% and 3"
quadrant. Thus, the HLs rotate clockwise under cooling between 177 and 175 K and then
counterclockwise at lower temperatures. During rotation, the HLs align twice along the

field axis for temperatures between 173.5 and 171 and between 177 and 175 K, showing a
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“horizontal hysteresis” [58]. These temperatures fit the zeros of A in the temperature
spectra in Fig. 1(c). Since field dependences of the RIM yield the magnetostriction, [see
Eq. (2)], the horizontal hysteresis implies the loss of magnetoelastic coupling.

The HLs below Tn show a characteristic symmetry of the mirror plane passing through the
HL vertices. The HL at 177 K, within ca. 1 K from the Néel point, shows a quite different
shape, characteristic of a ferromagnetic material, related to AF ordering.

Field hysteresis persists over the range of DW fluctuations and freezing from the
temperature of the Néel point (177 K) to ca. 170 K; at 160 K the HL degenerates into a
straight line.

Field hysteresis remains undetectable under further cooling to ca. 120 K, Fig. 2(b). The
hysteresis becomes observable at 120 K and is easily seen at 100 K. The re-appearance of
the hysteresis occurs over the range of the thermal hysteresis in Fig. 1(b) and is attributed

to the emerging nuclei of the ferromagnetic phase when approaching the Curie

temperature.
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Hysteresis loops representing the reversible inverse magnetostriction A versus periodic external field H
measured under FC (a, b) and ZFC protocols (¢) and their superposition (d). Measurements over range of

domain wall freezing between 177 and 160K [ (a), (b) and (d)] and beneath the freezing temperature, 160-
100K, the inset in (b) shows the entire A(H) at 100K. The arrows close to the hysteresis loops mark the

anticlockwise rotation direction along the loops. ZFC loops were measured after cooling to the temperature

of measurements under zero field H = 0 and holding for 10°s to equilibrate the temperature, FC loops -
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after cooling to the temperature of measurement under the field, removing the field and isothermal holding
for 10%s to equilibrate the temperature. FC loops for cooling under H = -12 kA/m are shown in (c), under 6
KA/m in (d).

Figures 2(c) and 2(d) clarify the way the HLs change under FC protocol. Figure 2(c) shows
the FC loops for the same temperatures as in Fig. 2(a). The most important observation is the
vertical shift of the H = 0 points of the FC loops which increases with decreasing temperature.
Figure 2(d) is a synthetic plot that compares the FC and ZFC loops for the freezing temperature of
160 K and the two temperatures closest to 160 K, 173.5 and 171 K. The FC loops were measured
after cooling under fields of different magnitudes applied along opposite directions. Figure 2(d)
shows that the corresponding FC loops are shifted in opposite directions with reference to the ZFC
loops. We notice the weaker than linear shift of the FC loops with field. For the loops at 160 K,
the external fields of -12 kA/m and 6 kA/m result in shift of the HLs from the origin in the vertical
direction by ca. 85 and -65 nT/MPa (or 85 and -65 fm/A in Fig. 2(d)), respectively. The
concomitant horizontal shifts of the loops are ca. -7 and 5 KA/m. We note that despite this shift,
the shape of the HLs for corresponding temperatures remains the same: the loops for the
corresponding temperatures collapse if shifted along the vertical axis.

In an isotropic bar-shaped ferromagnet under axial stress, Bo vanishes when the net
magnetization M = 0 [52,59]. We apply this general principle to our single crystal and conclude
that the vertical shift of the FC loops from the origin indicates that the sample remains magnetized
when the external field vanishes, H = 0. The value of the FC loop shift is then a measure for the
axial magnetization induced during cooling the sample under field. Since the shift persists when
the field is removed, the shift represents the remnant magnetization of the AF Dy sample. The
weaker than linear dependence of the shift on external field reflects the saturation of the remnant
magnetization. We note similar low saturating field for remnant magnetization and for the
difference between the RIM under FC and ZFC protocols shown in Fig. 1(d).

B. FIELD-DEPENDENT SUSCEPTIBILITY - REMNANT MAGNETIZATION

SQUID measurements are used to verify the freezing of Hubert DWs and the persistence of the
intrinsic remnant magnetization of the AF Dy under FC protocol. To confirm non-ergodicity
related to freezing of intrinsic magnetic moments of chiral DWs, the FC and ZFC volume
magnetization was measured between 230 and 75 K under different external fields. FC and ZFC
protocols were the same as in acoustic measurements. The corresponding data are shown in Fig.
3(a). The FC and ZFC magnetizations exhibit the same non-ergodic pattern as RIM: FC values are

higher than ZFC ones and show non-linearity with respect to the external field. Figure 3(a) depicts
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the difference AM between FC and ZFC magnetizations, which increases monotonously on
cooling from 160 K but declines rapidly close to the Curie temperature. The inset in Fig. 3(a)
shows that the field dependence of AM saturates above ca. 12 kA/m, in fair agreement with the
RIM data in Fig. 1(d). A strong increase of this difference at 100 K for the highest H is due to the
onset of the field-induced ferromagnetic ordering upon approaching the Tc¢ [60]. Hence, on one
hand, FC promotes nucleation of the ferromagnetic phase. On the other hand, the field of ca. 48

kA/m does not correspond to the low-field regime.
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FIG. 3.

Temperature dependence of magnetization (a), magnetic susceptibility (b) magnetization and remnant
magnetization ((c) and (d)) in a single crystalline Dy sample. (a) FC (closed symbols) and ZFC (open
symbols) magnetizations M and their difference AM on cooling the sample from 230 to 75 K under external
fields of 1.5, 3.0, 6.0, 12, 24 and 48 kA/m; FC curves were measured during cooling from 230 K under
field, ZFC data were taken after zero field cooling from 230 to 160 K and applying the field at 160 K. The
inset shows field dependences of AM at T = 100, 125 and 150 K. (b) FC (closed symbols) and ZFC (open
symbols) initial susceptibilities »(T) on cooling in applied fields of 1.5, 3.0, 6.0 and 12 kA/m. The inset

shows field dependences of FC and ZFC susceptibilities at 100, 125 and 150 K. (c) Remnant magnetization

Mrem below 160 K resulting from cooling the sample under fields of 1.5, 3.0, 6.0, 12.0 and 24 kA/m to 160
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K and switching off the field at this temperature. The inset shows field dependences of the remnant
magnetization at 100, 125 and 150 K. (d) Remnant magnetization after cooling in applied field of 6 kA/m
to 160 K, further cooling in zero field to 4.2 K and subsequent heating to 230 K.

Figure 3(b) shows magnetization data normalized by external field, which yield the initial
magnetic susceptibility (T). 4 (T)was derived for FC and ZFC protocols. A peak at ca. 177 K

marks the Néel point. The sharp increase of the susceptibility below ca. 85 K corresponds to the
AF-ferromagnet transition. FC susceptibility is notably higher than the ZFC counterpart. Quite
remarkably, FC and ZFC susceptibilities follow the same pattern as the RIM when normalized by
the external field (Fig. 1(c)). More specifically, the ZFC susceptibilities under different external
fields follow the same master curve over the entire temperature range, and FC curves show the
same deviation from the ZFC master curve as RIM, cf. Fig. 3(b) and Fig. 1(c). The inset in Fig.
3(b) indicates that the ZFC susceptibility is field-independent. In contrast, the FC susceptibility
exhibits a smooth maximum versus field at around 3 kA/m and then declines gradually towards
the ZFC master curve. The difference between ZFC and FC susceptibilities vanishes below ca. 85
K due to the ferromagnetic ordering.

The novel property of the FC low field susceptibility of the AF dysprosium is the
nonlinearity due to the contribution of the net magnetization of DWSs. Fig. 1(S) of the
Supplementary Material shows the same field dependence of the susceptibility in polycrystalline
Terbium over a narrow temperature range between Tn an Tc. Therefore, the nonlinearity of the
initial susceptibility due to the chiral DWs is generic in spiral AFs.

To verify the existence and to quantify remnant magnetization due to DW freezing below
160 K, the inverse to ZFC protocol was employed in static SQUID experiments: cooling the
sample under field to 160 K, switching off the field and measuring the remnant magnetization on
further cooling. The results for different H are shown in Fig. 3(c). The remnant magnetization Mrem
Is strong and increases on cooling. It vanishes rapidly during the ferromagnetic ordering. The
disappearance of Mrem at the Curie point can be explained by the formation of a ferromagnetic
domain pattern that compensates remnant magnetization and eliminates related stray field of the
AF structure. The structure of ferromagnetic domains is hence controlled during ferromagnetic
ordering by the structure of frozen AF domain walls which is formed just below the Néel
temperature.

The remnant magnetization saturates at rather low fields (inset in Fig. 3(c)). This behavior
is like the field dependence of AM and AA in Fig. 3(a) and Fig. 1(d). Mrem and AM demonstrate
similar field and temperature dependences. Remarkably, we find the same absolute values of AM

and Mrenm for the corresponding values of the applied field.
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Figure 3(d) compares Mem during cooling from 160 to 4.2 K and during subsequent heating
and reveals another striking property of the remnant magnetization of AF Dy. Namely, Mrem drops
to a low value under ferromagnetic ordering, but fully recovers during heating across the ferro-
antiferromagnetic transition. The spontaneous emergence of the net magnetization in the AF phase
under zero field indicates that the initial configuration of the frozen Hubert DWs is recovered. The
remnant magnetization associated with frozen DWs is robust to ferromagnetic ordering, cooling
to the cryogenic temperatures and subsequent “reverse” transition back to the AF state. It seems
that the AF remnant magnetization is “hidden” in the ferromagnetic phase but is fully recovered

above the Curie temperature.

IV. DISCUSSION

Inhomogeneities of the AF order parameter in DWs often possess intrinsic magnetization. An
external field then induces macroscopic net magnetization of AFs through the ordering of magnetic
moments of individual DWs. Tveten et al. [61] found theoretical solutions for the intrinsic
magnetization of DWs in 1D, 2D and 3D collinear AF. The intrinsic magnetization of DWs in 1D
chain is small and does not exceed the spins of each sublattice. In 2D and 3D, the intrinsic
magnetization of DWSs perpendicular to the axial direction is the sum of the magnetic moments of
1D chains. Intrinsic Hubert DW-related magnetization is potentially very attractive in rare-earth
spiral AFs since (i) localized magnetic moments of atoms are the highest among all elements and
(ii) the period of the AF spiral covers several lattice parameters and the magnetic moment of the
DW is the sum of the magnetic moments of several close packed atomic layers. Despite these
advantages, low-field magnetic B (H) hysteresis has not been previously detected by conventional
fluxmetric methods [29]. This fact implies that the net DW-related magnetization is predominantly
in equilibrium, e.g. it vanishes when the external field is removed. Since DW freezing implies a
transition from nearly equilibrium state of the ensemble of DWs to the frozen or jammed non-
equilibrium state, DW freezing under FC protocol is expected to convert the net equilibrium

intrinsic magnetization induced by external field into the remnant state.

A. DOMAIN WALL FREEZING

We first verify the hypotheses that (i) our experiments reveal freezing process and that (ii) the
freezing process is associated with DWs. Several observations confirm that the frozen state is
attributable to DWs.
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The freezing process per se is confirmed by non-ergodicity below the estimated range of
freezing, T < 160K. Non-ergodicity in our experiments is seen by: (i) the significant difference
between FC and ZFC susceptibilities (Fig. 3(b)) and the reversible inverse magnetostriction (Fig.
1(c)), and (ii) the higher value of the temperature remnant magnetization (TRM) induced under
FC protocol than isothermal remnant magnetization (IRM) after application and removal field
below the freezing temperature. Both these experimental observations are the hallmarks of the
freezing process [62]. Our results point to the remarkable fact that the IRM in spiral AF takes the
values undetected even by mechanomagnetic spectroscopy, since the field hysteresis totally
vanishes beneath the freezing temperature, Figs 2(a) and 2(b).

X-ray photon correlation spectroscopy experiments identify the temperature interval of
freezing process in our static and dynamic experiments as the range of DW freezing in Dy [28].
Another strong argument supporting the hypothesis of DW freezing is the disappearance of the
field hysteresis below the temperature range of freezing, Figs. 2(a) and 2(b). The saturation of the
difference between FC and ZFC magnetization (inset Fig. 3(a)) and between FC and ZFC
reversible inverse magnetostriction (inset Fig. 1(d)) at rather low fields agrees with the saturation
of the DW contribution. The temperature dependence of the remnant magnetization agrees rather
well with the prediction of the developed model of magnetic moments of Hubert DWs (see section
I1I. C below). The frozen state of DWs might be the reason why B(H) hysteresis had not been
detected before in AF Dy [29].

B. CONVERSION OF THE EQUILIBRIUM DW MAGNETIZATION INTO REMNANT
ONE

The vertical shift of the FC hysteresis loops in Figures 2(c) and 2(d), representing remnant
magnetization, is far above the width of the HLs. It corresponds rather to the total RIM values (the
sum of both reversible and irreversible upon removing the field terms) reached over the
temperature range of DW freezing. This confirms that the total DW-related magnetization under
FC protocol, including the reversible equilibrium part, converts into the remnant magnetization
under field cooling the AF below the DW freezing temperature. We also observe that the DW-
related magnetization dominates over the lattice-related one just below the Neel point. This
conclusion is consistent with vanishing of the magnetoelastic coupling at two temperatures within
10 K below the Tn.

Static SQUID results provide additional quantitative confirmation of this conversion.
Figure 4 shows the excellent agreement between AM and Mrem Over the range of frozen DWs. We

note that AM includes the predominant equilibrium term (it vanishes if the field is switched off)
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and minor non-equilibrium contributions (responsible for very narrow AF magnetic hysteresis and
low coercive force, see Fig. 2(d). Then, the coincidence of AM and Mrem below the freezing
temperature is a direct confirmation of the complete transformation of the DW-related equilibrium
magnetization into the remnant part under field cooling below the freezing temperature. The
conversion of the equilibrium magnetization into the remnant magnetization makes the latter very

high and easily measurable macroscopically.
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FIG. 4.

Temperature dependence of the remnant magnetization Mrem (blue curve), of the difference AM between
magnetizations registered under FC and ZFC protocols (red curve) and of the calculated magnetic moment
of the domain wall area per atom, my, in units of magnetic moment of the atom mo (black curve). The model
curve is obtained assuming that the temperature dependence of my is associated with the variation of the

spiral angle with temperature, see section IV.3 below.

C. MAGNETIC MOMENT OF DOMAIN WALL - MODEL

The remnant magnetization and FC-ZFC magnetization difference show an intense temperature
dependence below the freezing temperature in Fig. (4). This indicates that either the volume
density of DWs increases despite their frozen state or the magnetization of individual DWs
increases on cooling. We believe that the second scenario is probable and attribute the origin of
this temperature dependence to the change of the spiral angle. To confirm this hypothesis, we
suggest a simple model that we apply using discrete and continuum approaches. The model permits
calculating the absolute value and temperature dependence of the intrinsic magnetization of Hubert
DWs.
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We assume that the six-fold rotation axis of the hexagonal lattice is aligned along the z
direction of the Cartesian coordinates and we use a conventional description of the magnetic
moment m(z) of the spiral structure with a rotation angle 4. We denote by 0, the angle between

the moments in the neighboring close-packed planes, separated along the z-axis by the distance |
: 0o . : .
equal to a half of the lattice parameterc: [ = %Then q= TO is the rotation angle per unit length

and the magnetic moment density of the spiral structure along z-axis is expressed as, see e.g. [30]:

—

m(z) = % (é,cosqz ¥ é,sinq z), (3)

where my, = 10.6 ug is the localized magnetic moment per Dy atom and &, and &, are the unit

vectors of the x and y axes of the orthohexagonal coordinates. The chirality sign in Eg. (3) changes
at the position z = 0 of the DW. We analyze the simplest case when |Z—Z| = q is constant but has
opposite signs on both sides of the DW. We note that, according to Hubert [63], variation of the
rotation angle across DW is a smooth function Z—i = q - th(qz), but for simplicity we assume a

step-like change of the rotation direction. It can be shown that this simplification does not affect
temperature dependence of the magnetic moment of DW. Figure 5 shows variation along the z axis
of the my and my components when the DW is located at z = 0.

The total magnetic moment in a volume V of a right prism with the base equal to the area of the

close-packed plane per atom and the height - to a half-period of the spiral Z—l is:
0

ml

my = ﬂf_on_z(él cosqz—ée,sinqgz)dz + fOZTO(él cosqz+ é,sinqz)dz, 4)
209

my,

m,

FIG. 5.
Variation of the my, and my components of the magnetic moment per unit length along the axial direction z

across the Hubert domain wall located at z = 0.
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FIG. 6.

Normalized magnetic moment of the domain wall per atom in the basal plane, my/mo, versus spiral angle
0,. Points represent the values corresponding to commensurate angles between 20 and 90 degrees (#/9 and
712) calculated using discrete model, continuous line corresponds to the calculations in the continuum

approach. Vertical arrows mark the Néel Ty and Curie Tc temperatures in Dy.

The total moment given by Eq. (4) corresponds to the hatched area in Fig. (5). Integration of Eq.
(4) yields

— - 2
my = e;my 50- 5)

Since the spiral angle @, increases nearly linearly with temperature between the Curie and Néel
points [42,64], Eq. (5) implies inverse temperature dependence of the intrinsic magnetization, as
shown in Fig. (4).

For the discrete approach, keeping the condition |Z—(Z| — const on both sides of the DW,

the intrinsic magnetic moment is easily calculated for commensurate angles which are defined by

the condition:
no, = m, (6)

where n is the integer number of close packed atomic layers per half-period of the spiral.
The total magnetic moment of the same volume V as was introduced in Eqg. (4) is then in the scalar
form:
my = mgynie,sin (i %) @)
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Table I shows my, in units of mo and the thickness of the domain wall d in units of lattice parameter
c for different spiral angles. We recall that for the HCP structure of Dy the lattice parameter is
twice the distance between the close packed planes c=2I.

Data in Table I show a substantial increase of my with decreasing spiral angle. This effect
stems from the increase with lowering temperature of the number of close packed layers in a half
-period of the spiral that contribute to the intrinsic magnetic moment of the DW.

Figure 6 compares magnetic moments calculated for discrete and continuum approaches.
According to Hubert [63], discrete and continuum approaches are nearly equivalent for not too
high spiral angles, below 30 degrees. This regularity is clearly revealed in our calculations of the
magnetic moment. A link between the magnetic moments in discrete and continuum approaches

Is found keeping in mind that [65]:

S (o T
ZSln(lﬁj—Ctg%, (8)

n . T N i
ZSIH(I —j e 9)

i.e. the direct link between the solutions for continuum and discrete approaches, Egs. (5) and (7),

respectively.

TABLE L
Thickness of Hubert domain wall d in units of lattice parameter ¢ and magnetic moment my of the domain
wall volume per atom in the close packed plane in units of magnetic moment of atom m, for different

commensurate spiral angles @,.
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n 0, n my/mo d/c

n
1 T 0, collinear AF 0
2 72 1 1
3 3 1.73 1.5
4 4 241 2
5 75 3.07 2.5
6 76 3.73 3
7 at 4.38 3.5
8 78 5.03 4
9 79 5.67 4.5

D. HUBERT DOMAIN WALL DENSITY IN SINGLE CRYSTALLINE DYSPROSIUM

We assume that the magnetization in the interior of domain walls Mpw is constant and that the
macroscopic net remnant magnetization in a volume V is M,..,,, = FMpy,, where F is the fraction
of the volume occupied by DWSs. The spiral angle in AF Dy changes between ca. 42.9 and 24
degrees at Néel and Curie points, respectively [38], covering the three lines in (Table I) with n =
5,6,7 (0, =m/5,m/6,1m/7). For the linear temperature dependence of @, these angles correspond
to the temperatures of ca. 160, 120 and 95 K, respectively. Data on saturation remnant
magnetization M,..,,,, shown in Fig. 3(c), combined with the magnetic moment of a DW per atomic
surface, Eq. (7), are sufficient to estimate the density of Hubert DWs (more precisely, the density
of the component perpendicular to the c-axis of a more complex DW structure [30]) in our sample
of single crystalline Dy. To this end, we first estimate the magnetization inside the DW and then

calculate the volume fraction F of the DWs using the data on saturation remnant magnetization.

The temperature T = 120 K (spiral angle 6, = %) is selected for the estimation.

The volume containing magnetic moment of 3.73 mo is three times the elementary unit cell volume,

Vo, Table 1. The magnetization inside DW is then:

_ mo _ Mo
Mpy = 37352 = 3.73 2. (10)
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Taking my = 10.6 ugp, a = 3.6A, ¢ = 5.65A [64], one gets My, = 1.9 x 10° A/m. The volume

fraction of the DW then can roughly be estimated as F = Zrﬂ Figure 3(c) shows that at 120 K
Dw

Mrem = 600 A/m, yielding the estimated volume fraction occupied by DWs of 3.2x10*. An
estimation of the average size of domains assuming their cellular 3D configuration then yields a
value of ca. 15 um. We recall that the size of domains in rare earth AFs decreases strongly with
impurity content below the resolution of polarized neutron diffraction topography (ca. 60 um) [66]

and the purity of the present Dy samples is not too high (see section Methods I1.A).
E. TEMPERATURE DEPENDENCE OF THE REMNANT MAGNETIZATION

Figure 4 compares temperature dependences of experimentally determined remnant magnetization
with the difference between FC and ZFC magnetizations and with the magnetic moment of the
Hubert DW per atom in the closed-packed plane my/mo. The temperature evolution of calculated
magnetic moment is plotted in Fig. (4), assuming a linear relation between the spiral angle and
temperature [42]. Figure 4 points to a qualitative agreement of experimental and calculated
dependences despite the very simplified model. The model assumes that (i) the applied magnetic
field is high enough to saturate the moments of all Hubert DWs, (ii) the number of DWs is
temperature-independent and (iii) the magnetic moments remain saturated at all temperatures.
Experimental data on the field dependence of Mrem, AM, Figures 3(a) and 3(c), show that at least
the first assumption is not fully valid for the applied field of 12 kA/m. The applied field below
saturation may result in a stronger temperature dependence of experimental Mrem and AM. On the
other hand, higher fields cannot be used in the experiments due to the proximity to the critical field

for temperatures close to the AF-ferromagnet transition, as shown in Fig. 3(a).

F. COMBINATION OF REMNANT MAGNETIZATION AND NON-HYSTERETIC
BEHAVIOR
Figure 2 indicates that A(H) hysteresis loops measured both under FC and ZFC protocols
degenerate into straight lines below the freezing temperature. Figures 2(c) and 2(d) show that the
non-hysteretic behavior is combined with the shift of the FC degenerated “loops” due to the
remnant magnetization. The non-hysteretic behavior and remnant magnetization are incompatible
in conventional magnetic materials. The combination of non-hysteretic behavior and remnant
magnetization points to the extremely robust remnant magnetization under an applied field: the
remnant magnetization cannot be affected by external field as long as the non-hysteretic behavior

persists.
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The shift of the HLs can be considered as an exchange bias effect known in spin glasses

and antiferro-ferromagnetic sandwich structures, see e.g. [67]. As far as we are aware, we report
the first observation of the exchange bias in antiferromagnets. The uncovered combination of the
shift and degeneration of the HL into a straight line can be coined “non-hysteretic exchange bias”
phenomenon.
Exchange bias effect in layered AF-ferromagnet structures has been for decades the basic principle
of magnetic devices [68,69], e.g. read heads for magnetic recording using properties of AF-
ferromagnet interfaces. In such systems the magnetization of a ferromagnetic layer is fixed in a
reference direction by an antiferromagnet when the system is field cooled through the Néel
temperature. It is widely accepted that the exchange bias effect arises from the uncompensated
interfacial spins anchored in the AF and insensitive to the external field [69-74]. The
uncompensated pinned spins in AF layers were identified e.g. in permalloy/CoO [71], FeF2-Fe,
MnF2-Fe [72] and NiO/Co systems [73]. The macroscopic exchange bias effect well correlates
with the pinned interfacial magnetization [74]. The uncompensated pinned spins constitute only a
few percent of the spins of the AF monolayer [69,71,74]. Therefore, grain boundaries and domain
walls are considered as possible sources of uncompensated spins [71,74].

We show that Hubert DWs in spiral AF have high intrinsic magnetic moments and provide
such uncompensated pinned spins. DW freezing makes the properties of uncompensated spins
extremely robust. Unfortunately, the Néel point of rare-earth base helical AFs is well below room
temperature. Therefore, in terms of potential applications of helical AFs as components of
sandwich exchange bias structures, verification of DW freezing effect in helical AFs with the Neel
point above room temperature [36,37] is challenging.

We finally mention that the ground state of the helical AF is a homogeneous spiral structure
[31,63]. Experiments show that the density of DWs in the spiral AF is efficiently controlled by the
purity of material represented by such parameter as residual resistivity ratio [66].

The pattern of the AF domains is controlled by mosaicity, antiphase boundaries, twins and
prehistory of the AF material [23,66,75]. Therefore, purity and abovementioned structural entities
can be used as an efficient tool of controlling the density and configuration of the AF domain

walls.

G. ROBUSTNESS OF THE REMNANT MAGNETIZATION TO FERROMAGNETIC
ORDERING - “HIDDEN” REMNANT MAGNETIZATION AND MEMORY EFFECT

A counterintuitive observation is that the non-equilibrium remnant magnetization is recovered

during ferro- to AF transition by heating from 5 K under H = 0, see Fig. 3(d). The interpretation
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V.

of this phenomenon involves both a direct AF to ferromagnetic transition on cooling and the
reverse ferro- to AF transition on heating. During cooling through the Curie temperature, the
remnant magnetization disappears, as seen in Figures 3(c) and 3(d). The disappearance of the
remnant magnetization under ferromagnetic ordering is easily understood as a compensation of
the remnant magnetization of the AF phase by the magnetic moments of the newly created
ferromagnetic domains. The configuration of ferromagnetic domains is, thus, controlled by the
pattern of the AF domain walls. During thermal cycle to 5 K under H = 0 the magnetization of the
ferromagnetic sample remains rather low, although increases under cooling and reversibly
decreases under subsequent heating, see Fig. 3(d). During heating across the Curie point, the
remnant magnetization of nearly the same magnitude as during cooling reappears in the AF state.
The spontaneous emergence of Mrem at Tc under H = 0 implies that the configuration of frozen
Hubert DWs is preserved during ferromagnetic ordering and thermal cycling to cryogenic
temperatures. The Mrem associated with this configuration is then recovered after disappearance of
ferromagnetic domains above the Curie temperature. Thus, the remnant magnetization of the AF
is “hidden” by ferromagnetic ordering on cooling but is recovered once the ferromagnetic phase
retransforms back into the AF during heating, showing a kind of “memory” effect.
Thermodynamically, this pattern is analogous to the so-called thermoelastic behavior of
ferroelastics [76,77] which relates to the mechanical shape memory effect. The essence of the
thermoelasticity is the reversibility of elastic domain configurations during the transformations to
and from the low-symmetry phase. The prerequisite of thermoelasticity is the absence of relaxation
of the stored elastic energy during formation of domains of the low-symmetry phase [77,78].
Under this condition, the sequence of structural modifications is perfectly reversible and follows
the “first in — last out” protocol. The suggested interpretation of the uncovered “memory effect”
of the remnant magnetization of AF Dy is then based on the same principles of non-relaxing frozen
AF domains and reversibility of the AF and ferromagnetic domain configurations during

transitions between AF and ferromagnetic states.

CONCLUSIONS

Several factors give rise to a high and easily detectable domain wall-related remnant
magnetization of single crystalline antiferromagnetic Dy:

- high magnetic moment per atom;

- long period of the spiral spin pattern;

- conversion of the intrinsic equilibrium magnetization into the remnant one during

freezing of Hubert domain walls slightly below the Néel point.
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High remnant magnetization due to the freezing of chirality/Hubert domain walls converts AF
single crystalline Dy into the domain wall dominated system that features a number of
counterintuitive properties:
- combination of high remnant magnetization and unhysteretic behavior;
- remnant magnetization “hidden” by ferromagnetic ordering that spontaneously recovers
during reverse ferro- antiferromagnetic transition;
- non-hysteretic exchange bias effects in spiral AF.
The uncovered novel properties of spiral AF are promising for applications:
- the remnant magnetization that stems from the frozen chirality DWs (chirality DW
configuration) is highly robust against temperature and field perturbations;
- potential stored data can be masked by ferromagnetic ordering when it becomes totally
invisible but is recovered after the reverse ferro-antiferro first order transition;
- frozen chiral domain walls show robust non-hysteretic exchange bias in spiral AF, that
can serve as a component of antiferro-ferromagnetic sandwich conventionally used for

magnetic recording.
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Supplementary Material for
Functionalities of frozen domain walls in helical antiferromagnets

To confirm the generic nature of the non-linearity of magnetic susceptibility of the
antiferromagnetic spiral structure attributable to domain walls, the field-cooling (FC)
susceptibility was measured in polycrystalline terbium under various fields H. The experimental
data shown in Fig. 1(S) confirm the field independence of the susceptibility above the Néel
temperature Tn and below the Curie temperature Tc. Similar to Dy, the susceptibility decreases
significantly with field over a narrow temperature range between Tc and Tn.

The same susceptibility patterns between the Néel and Curie points in Dy single crystal and
polycrystalline Tb of different purities (see Sec. 1l A), are attributable to chiral domain walls. We
note that the field-independence of the susceptibility below TC indicates that the fields employed
are well below the onset of the Rayleigh range in ferromagnetic Th. Hence, antiferromagnetic
chiral domain walls in antiferromagnetic Tb have higher mobility than their counterparts in the
ferromagnetic state.
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FIG. 1(S). Temperature dependence of the FC initial magnetic susceptibility of polycrystalline Tb during
cooling under applied fields between 1.5 and 24 kA/m. The inset shows the data between Néel and Curie
points on an expanded scale.
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