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To date, for the known exchange-bias (EB) systems there has been one pinning phase and one pinned
phase, and the pinning and pinned phases are inherent to the material and do not mutually transform into
each other. Interestingly, we show here that EB is observed in a special system [«-Fe;O3]o.1[FeTiO3]p.9
(HI-9). Neutron powder diffraction and magnetic measurement confirm the following for HI-9: (i) two
types of short-range antiferromagnetic (AFM) orderings coexist and serve as two pinning phases; (ii) the
pinned phase is not intrinsic to the structure but can be dynamically produced from the pinning phase with
the help of an external magnetic field. Consequently, two anomalous EB behaviors are observed: (i) both
the coercivity (Hc) and the exchange-bias field (Hg) simultaneously decrease to zero at 30 K; (ii) for a high
cooling field (H.oo1), Hr decreases logarithmically with increasing H.o . Using Arrott plots it is confirmed
that the first-order magnetic phase transformation (FOMPT) from the AFM Fe?* to ferromagnetic (FM)
Fe>* and the second-order magnetic phase transformation for the process whereby the FM Fe?* align
with the external-field direction coexist in HI-9. The Morin transition and FOMPT cause anomalous EB

behaviors. This work may provide fresh ideas in the application of the EB effect.
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I. INTRODUCTION

Exchange-bias (EB) effect is an “interface” effect, mak-
ing systems show unidirectional anisotropy, which has
many applications in present technologies, including spin
valve [1], magnetoelectric switching [2,3], magnetic tun-
nel junctions [4], and magnetic recording [5]. To date,
EB has been observed in many materials with different
microstructures, including core-shell nanoparticles [6—8],
inhomogeneous materials [9], coated antiferromagnetic
single crystals [10,11], and thin films [12—14]. Besides,
it has been clarified that the interface is constructed by
two magnetic phases. One phase should have a stronger
magnetic anisotropy serving as the pinning phase, the
other phase would have a weaker magnetic anisotropy
serving as the pinned phase. This is the case for EB
in antiferromagnetic- (AFM-)ferromagnetic (FM) sys-
tems [15—19], ferrimagnetic- (FIM-)FM systems [20—22],
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AFM-FIM systems [23], AFM-superferromagnetic (SFM)
systems [24], spin-glass- (SG-)FM systems [25,26].
Recently, the exchange-bias systems involving two pin-
ning phases have emerged, including the AFM-FM-AFM
system [27] and the FM-AFM-AFM system [28-30],
which enhances the tunability and application potential of
the EB effect. The common feature of these EB systems
is that the pinning and pinned phases are inherent to the
material, and do not mutually transform into each other.
Would the systems with more than one AFM and with-
out FM show EB? Interestingly, our group has observed
EB in the single-phase hematite-ilmenite solid solution
[a-Fe;03]0.1[FeTiOs]o9 (referred to below as HI-9) [31].
Although EB has been studied in the Fe,O3-FeTiO; sys-
tem [32], however, in the case of Ref. [32] the system
is a natural mineral, which is composed of two indepen-
dent phases rather than a single phase as in our case. The
illustration in Fig. 1(a) shows the crystal structure and
magnetic configuration relationship of «-Fe, O3, HI-9, and
FeTiOs. It is known that both w-Fe,O3; and FeTiO3 have
a long-range AFM ordering and their Néel temperatures
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(Ty) are approximately 950 and 58 K, respectively [33,34].
Therefore, in HI-9, Fe’* (red) between the neighboring
layers, and Fe?>* (orange) separated by the nonmagnetic
Ti*" layers (gray) are AFM-coupled, and their spins are
parallel to the ¢ axis. Hereby, HI-9 has two types of AFM
ordering and does not have FM ordering [31,35]. There-
fore, the magnetic configuration of HI-9 is different from
that of the previous EB systems [15-30]. Based on our
previous work [31], Figs. 1(b)}-1(d) show the schematic
diagram of the magnetic structure in HI-9 under different
external fields. Figure 1(b) shows that two types of short-
range AFM orderings coexist when the external field is
zero, and they together serve as the pinning phase. When
the external field increases to the critical field, part of the
AFM Fe?* transforms into FM state, as a result, magneti-
zation jumps [31] are observed, and the formed FM Fe?*
serves as the pinned phase as shown in Fig. 1(c). Finally, as
seen in Fig. 1(d), all of AFM Fe?* transform into FM state
when the external field is large enough, the pinning phase
of AFM Fe?* totally vanishes and the pinned phase of FM
Fe’* reaches the maximum. Recently Fita et al. [36,37]
also demonstrated that exchange bias can be observed in
RFeO; (R=Nd, Er, Sm) single phase. However, the AFM
ordering and the FM ordering are inherent, and they do not
mutually transform from each other although there exists
a spin reorientation of the FM ordering. Considering that
HI-9 has two AFM ordering and the FM ordering could be
obtained by the external field, it will be a good platform to
study EB.

In this paper, two types of short-range AFM ordering,
a “two pinning phases and one pinned phase” (TPPOPP)
structure, and the field-induced dynamic magnetic trans-
formation between the pinning and pinned phases are
evidenced by the neutron powder diffraction (NPD) and
magnetic measurement. Two anomalous EB behaviors are
observed: (i) both the coercivity (H¢) and the exchange-
bias field (Hg) simultaneously decrease to zero at 30 K; (ii)
for a high cooling field (H.o01), Hr decreases logarithmi-
cally with increasing H o). By application of Arrott plots,
it has been confirmed that the above phenomena are related
to the spin reorientation of Fe’* (Morin transition) and the
first-order magnetic phase transformation (FOMPT).

II. EXPERIMENTAL DETAILS

The HI-9 sample is prepared using a solid-state reac-
tion method. Ground powders of FeTiO3; (99.98%, Alfa
Aesar Corporation) and «-Fe,O3 (99.99%, Alfa Aesar
Corporation) are fully mixed and sintered at 1473 K for
12 h and cooled slowly to room temperature. The NPD
experiments are carried out at various temperatures using
a high-resolution neutron powder diffractometer (HRND)
(A=1.884 A) at China Mianyang Research Reactor. Pow-
der XRD patterns with Cu-K« radiation are obtained rang-
ing from 20 to 300 K. Crystal structures are determined by

the Rietveld refinement method with the General Structure
Analysis System [38]. To measure the magnetic properties
of the powders, the sample is compressed into a nonmag-
netic capsule. The magnetic measurements are performed
in the temperature range from 2 to 300 K using a Phys-
ical Property Measurement System (PPMS-9, Quantum
Design).

III. RESULTS AND DISCUSSION

A. Field-induced dynamic magnetic transformation of
the TPPOPP structure in the AFM-AFM coupled
system of HI-9

Figures 2(a) and 2(b) show the NPD patterns and mag-
netic hysteresis loop of HI-9 at room temperature (300 K)
and low temperature (5 K), respectively. Rietveld anal-
ysis including occupancy refinement is performed to fit
the NPD data. The fitted results confirm that HI-9 does
have the crystal structure as shown in Fig. 1(a), and the
occupancy of the Fe** cations in the Fe’* and Ti*" lay-
ers is 0.091 and 0.109, respectively. Most importantly, it
is found that there is no contribution from magnetic scat-
tering to the Bragg peaks at either room temperature or
low temperature, suggesting that there is no long-range
magnetic ordering throughout the entire temperature range,
which is consistent with the short-range AFM ordering
of the system [39—41]. However, the magnetic hysteresis
loops of HI-9 at room temperature and low temperature
are very different, unlike the case of NPD. There is no
magnetic hysteresis at 300 K, but the obvious hysteresis is
observed at 5 K and the saturation magnetization is as high
as 2.22 up/Fe, suggesting the existence of the long-range
FM ordering.

Figure 2(c) shows the temperature dependence of the
normalized relative lattice constants (c-c3oox)/C300x = Ac/
C300K and (a-a300K)/a300K = Aa/a300K based on the refine-
ments of the variable-temperature NPD and XRD data. It
can be seen that Aa/aspk almost linearly decreases with
decreasing temperature, thus exhibiting a normal positive
thermal expansion behavior, while Ac/c3gok also decreases
linearly initially, but an abnormal negative expansion
occurs for temperatures lower than approximately 100 K,
and this behavior becomes more pronounced for temper-
atures lower than approximately 30 K. According to our
previous work [31] and Burton et al.’s work [42], approx-
imately 100 K corresponds to the magnetic transformation
temperature of the Fe?" sublattice from the paramagnetic
(PM) phase to the PM’ state, which is a subfield of the
PM phase. On the other hand, approximately 30 K cor-
responds to the Morin transition temperature (7)) (see
parts 1 and 2 of the Supplemental Material for the veri-
fication of T, [43]) of the Fe’* sublattice, i.e., the Fe**
cations will transform from the canted AFM [see illustra-
tion in Fig. 2(a)] perpendicular to the ¢ axis to the collinear
AFM [see illustration in Fig. 2(b)] parallel to the ¢ axis
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FIG. 1.

(a) Illustration of the crystal structure and magnetic configuration of the hematite («-Fe,03), ilmenite (FeTiO3), and their

solid solution ([e-Fe;03]0.1[FeTiO3]o9). (b)«d) Schematic diagram of the magnetic configuration in the HI-9 system under different
external fields. AFM, FM, H, and H, represent antiferromagnetic, ferromagnetic, external magnetic field, and the critical external

magnetic field, respectively.

as the temperature is lower than 30 K [33]. Therefore,
the abnormal negative expansions in Ac/c3gok are ascribed
to the spontaneous magnetostriction induced by these two
types of spontaneous magnetization [44]. As a result, two
types of short-range AFM ordering are obtained in HI-9
when the temperature is lower than 30 K. The first is AFM
ordering of the Fe** cations (red) between the neighboring
layers, and the second is AFM ordering of the Fe?* cations
(orange) between the alternating layers, as shown in the
inset of Fig. 2(b).

Figure 2(d) shows the maximum applied magnetic field
(H,,) dependence of the hysteresis loop at 5 K, and the
inset displays the partially enlarged view. It is observed
that the loops are reversibly linear when H,, is lower than
5 kOe, which is consistent with the fact that two types of
short-range AFM orderings coexist at 5 K, but the loops
begin to show the irreversible hysteresis when H,, is equal
to or larger than 5 kOe, which is a typical FM behavior. On
the other hand, the rapid linear increase in magnetization
from 30 to 40 kOe is also observed, suggesting the exis-
tence of AFM ordering. The above results confirm that one
type of short-range AFM ordering remains the same, while
for the other type of short-range AFM ordering a field-
induced dynamic metamagnetic transformation occurs (the
critical field is approximately 5 kOe). In principle, the
dynamic metamagnetic transformation may occur in the
AFM Fe** sublattice or the AFM Fe* sublattice, and it

may be the spin-flop transition [45] or the spin-flip tran-
sition [46,47]. However, considering that the value of the
Néel temperature of a-Fe; O3 (950 K) is much higher than
that of isostructural FeTiO; (58 K) [33,34], the strength
of the AFM ordering of the Fe’* sublattice should be
much larger than that of the Fe** sublattice. Therefore,
the dynamic metamagnetic transformation should occur
in the AFM Fe?* sublattice. Besides, both magnetization
jumps and EB observed in our previous work [31] indi-
cate the existence of the collinear arrangement of magnetic
moments, thus the dynamic metamagnetic transformation
of the AFM Fe?* sublattice should be the spin-flip transi-
tion, as shown in Figs. 1(c) to 1(d). The spin-flip transition
of the Fe?* sublattice is crucial for EB because it brings
the collinear interface between the Fe>* sublattice and the
Fe** sublattice.

B. Two observed anomalous EB behaviors in HI-9

Figures 3(a)-3(c) show the temperature dependence of
Hc, Hg, and the saturation magnetization (My) in HI-9, for
different values of Hy . It is interesting to observe that
both H¢ and Hg decrease rapidly with increasing temper-
ature, and they simultaneously reach zero at 30 K. As we
know, the other EB systems usually show two other differ-
ent cases based on the relative anisotropy strength between
the pinning and the pinned phases. If the pinning phase has
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FIG. 2. Three characteristics in HI-9. (a),(b) Neutron powder diffraction patterns of HI-9 at 300 and 5 K. Circles show the exper-
imental intensities (/,ps), the red solid line shows the calculated intensities (/¢,c), the green solid line is the difference between the

observed and calculated intensities (/s

— I1c), and the vertical lines indicate the angular positions of the Bragg reflections. Insets are

the magnetic hysteresis loops (left) and the crystal and magnetic structures (right). (¢c) Temperature dependence of the normalized rel-
ative lattice constants (c-c3p0k )/c300k = Ac/caook and (a-asoox )/azoox = Aa/azpox based on the refinements of the variable-temperature
NPD and XRD data, and the dash lines are to guide the eye. (d) Maximum applied magnetic field (H,,) dependence of the magnetic
hysteresis loop at 5 K, and H,, is changed from 1 to 40 kOe. Inset displays the partially enlarged view.

a relatively weaker anisotropy, Hc¢ usually reaches its max-
imum when Hy is reduced to zero, in such a case both the
pining and the pinned phases contribute to H¢. Increas-
ing the temperature [15,48] or decreasing the thickness of
the pinning phase [49] is an effective way to reduce the
anisotropy of the pinning phase. Whereas if the pinning
phase has a relatively stronger anisotropy, there is almost
no change in Hc when Hg reduces to zero, in such a case
only the pinned phase contributes to H¢ [50,51]. Therefore,
the correlation between H¢ and Hg in HI-9 is completely
different from that of the other EB systems, and is regarded
as the first anomalous EB behavior of HI-9. In HI-9 the
pinned FM Fe** is not inherent, thus in such a case, it
is speculated that only the pinning phase is related to He.
When the temperature is lower than 30 K, Fe** transforms
from the canted AFM perpendicular to the ¢ axis [see inset
of Fig. 2(a)] to the collinear AFM parallel to the c axis [see
inset of Fig. 2(b)] [33], i.e., the interface pinning interac-
tion appears. Therefore, both H- and Hy are completely

originated from the interface pinning interaction, which is
completely different from that of the other EB systems. At
the same time, it is worth noting that the perpendicular spin
coupling between the AFM Fe** spin and the AFM Fe?*
spin cannot generate exchange bias in HI-9. This is differ-
ent from Fe;04/Co0 systems [52—54]. This might due to
the absence of the FM Fe**-spin pinned phase. In addition,
it is noticed that both H¢ and Hg go to zero at approxi-
mately 360 K in the MBE-grown films of NigygFe,o/FeMn
[49]. This behavior is due to the fact that the ordering tem-
peratures of AFM layers and FM layers are approximately
360 K. Obviously, the mechanism in NiggFeyo/FeMn is
different from that in HI-9.

Compared to the case of H¢ and Hg, the case of My is
different. When the temperature is lower than 30 K, Mg
is almost unchanged (approximately 2.25 up/Fe); whereas
My dramatically decreases, when the temperature is higher
than 30 K as seen in Fig. 3(c). It is noteworthy that the
temperature dependence of My is completely different from

054018-4



DYNAMIC MAGNETIC-TRANSFORMATION-INDUCED...

PHYS. REV. APPLIED 11, 054018 (2019)

(a) (d)

FIG. 3. Two abnormal exchange bias
behaviors in HI-9. Temperature depen-

600

© 400
19

~

..

| Fitted by NS model
— Fitted by RNS model
PR B M B TN

dence of H¢ (a), Hg (b), and Ms (c)
with different cooling fields (H oo =1
and 5 kOe). The dotted line shows the
position of the 7=30 K critical tem-
perature. Cooling field (Hcyo1) (d) and
In(H co01) (¢) dependence of Hg at differ-
ent temperatures (7=2.5, 3, and 5 K).

@ T=25K

N

0 0 10 20 30 40 50 ’ 6I0 Dotted lines and solid lines show the fit-
1 (e) H kOe ting results according to the NS model
cool ( )
600 and the RNS model, respectively. (f)
300 - ] Contour map of temperature and cooling
g field codependence of Hg.
&~ 150 s
0 | . [ 1 1 " 1
c " . , , Wi 3.0 3.5 4.0
(c) 25 () In[H, .., (kOe)]

0 30 60 90
T (K)

that of H¢ and Hg, but the physical mechanism for gener-
ating these temperature dependences are the same. They
are all due to the disappearance of the collinear AFM-
AFM interaction between Fe’* and Fe?* cations and the
dynamic magnetic transformation from AFM Fe?* to FM
Fe?*. Therefore, it is the collinear AFM-AFM system and
the dynamic magnetic transformation that results in the
first anomalous EB behavior of HI-9.

Figures 3(d) and 3(e) show the H .y, dependence of Hg
at different temperatures (7= 2.5, 3, and 5 K) in HI-9. With
increasing H co01, Hg first increases rapidly when H oo is
lower than 10 kOe, then it falls off logarithmically when
H 001 1s higher than 10 kOe as shown in Fig. 3(e) where
the horizontal axis is In(H o). The H.oo dependence of
Hpy in HI-9 is also different from that of other EB materials
in which Hg either saturates [15] or falls off linearly not
logarithmically with further increasing H 001 [25,55]. The
logarithmic decrease of Hy is thus regarded as the second
anomalous EB behavior in HI-9.

For the linear decrease of Hy in other EB materials,
Niebieskikwiat and Salamon [56] have put forward a sim-
plified exchange interaction model (referred to below as
the NS model) as,

Jito
(gup)?

H
—Hp « J; |: L (M COOI) +Hcool] 5 (1)

ks Ty

120 150 3 5

10
T (K)

15 20 25

where J; is the interface exchange constant, g is the Lande
factor, up is the Bohr magneton, L(x) is the Langevin func-
tion, u = N,ug, N, is the number of FM spins, 1 is the
vacuum permeability, and kg is the Boltzmann constant.
The dotted lines in Figs. 3(d) and 3(e) show the fitting
results according to the NS model. It is seen that there is
some deviation between the experimental results and the
NS model, maybe due to the field-induced dynamic mag-
netic transformation in HI-9 as mentioned above. Now the
field-induced dynamic magnetic transformation based on
the TPPOPP structure is taken into account to modify the
NS model. The revised NS model (referred to below as the
RNS model) can be expressed as

']i HCOO
_HEO(Ji|: o L(M 1

+ Hcoo -1 (Hcoo ):| s
(gup)’ ) e 1

2

where a new term — J;In(H .01) appears compared to the
NS model. The detailed derivation of the RNS model is
given in part 3 of the Supplemental Material [43]. The solid
lines in Figs. 3(d) and 3(e) are the fitting results according
to the RNS model. Obviously, the RNS model is in good
agreement with the experimental data. It is confirmed that
it is the TPPOPP structure and the field-induced dynamic
magnetic transformation that leads to the second anoma-
lous EB behavior in HI-9. Figure 3(f) displays the contour
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map of temperature and cooling-field codependence of H.
Hp is extremely sensitive to H o1 Hg Will reach its maxi-
mum under appropriate temperature and cooling field. This
may be correlated to the field-induced dynamic magnetic
transformation.

C. Coexistence of first-order magnetic phase
transformation and second-order magnetic phase
transformation (SOMPT) in HI-9

Both the TPPOPP structure and the two abnormal EB
behaviors are correlated to the field-induced dynamic mag-
netic transformation. Now Arrott plots, in which the initial
magnetization data is presented in the form of M? versus
H/M isotherms, are applied to investigate the field-induced
dynamic magnetic transformation in HI-9. If Arrott plots
have a negative slope, the transformation is the FOMPT,;
if Arrott plots show a positive slope, the transformation is
the SOMPT [57—59]. Figure 4(a) shows Arrott plots of HI-
9 obtained from the initial magnetization curves from 5 to
40 K, which are shown in part 4 of the Supplemental Mate-
rial [43]. Obviously, except for the 40-K curve, all Arrott
plots have both negative and positive slopes, and for each
curve, there exists a critical magnetic field (H cypr) repre-
sented by the yellow solid circles in Fig. 4(a), at which the
slope changes from negative to positive. It is found that for
H < Hcyr the slope is negative, i.e., FOMPT occurs; and
for H> Hcwmr the slope is positive, i.e., SOMPT occurs.
FOMPT in the low external field should correspond to the
field-induced dynamic magnetic transformation from AFM
Fe?* to FM Fe?* [see the left and middle schematic repre-
sentations in Fig. 4(b)]. Charilaou et al. [60] have reported
that heat is released during the magnetization jump of Fe?*
from AFM to FM. Our result also demonstrates that the
transformation of Fe?>* in HI-9 is first order. SOMPT in
the high external field may correspond to the process of
FM Fe?* aligning with the external field direction [see the
middle and right schematic representations in Fig. 4(b)].
Therefore, FOMPT and SOMPT coexist in HI-9 when the
temperature is lower than 30 K, and only SOMPT exists in
HI-9 when the temperature is higher than 30 K.

Figure 4(b) shows the temperature dependence of H c.
It is seen that Hcyr decreases dramatically with increas-
ing temperature and approaches zero at 30 K. This indi-
cates that the external field required to complete FOMPT
becomes smaller and smaller, and finally FOMPT disap-
pears for 7> 30 K. It is noteworthy that with decreasing
temperature all anomalies occur at 30 K, including the
abnormal negative expansion in the ¢ axis, the Morin
transition of Fe**, exchange bias, coercivity, the constant
saturation magnetization, and first-order magnetic trans-
formation. Therefore, all of these are coupled together. The
Morin transition of Fe’* leads to the abnormal negative
expansion in the ¢ axis, and the emergence of the pinning
phase. FOMPT generates FM Fe?", i.e., the pinned phase.

(a) ' ) ' ) ) 1
gooo | — 5K -
—10 K
o~ — 15K
g,ssooo - ok
[ 25K
54000 B —30K
= 2000 | i
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" 1 1 N 1 1
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FIG. 4. Field-induced dynamic magnetic transformation in HI-
9. (a) Arrott plots from 5 to 40 K. The yellow spheres represent
the position of the critical magnetic field (H cmr), where the curve
slope changes from negative to positive. (b) Temperature depen-
dence of Hcumr. The solid line is to guide the eye. The inset shows
the schematic representations of the evolution from the FOMPT
to the SOMPT with increasing the external magnetic field. Red
and black arrows mark the orientation of the Fe’* moments and
the external magnetic field, respectively.

Consequently, the exchange-bias effect (nonzero Hz and
H¢) and the constant Mg in HI-9 appear. We conclude,
therefore, that it is the Morin transition and FOMPT that
cause the anomalous EB behaviors.

IV. CONCLUSION

In summary, [e-Fe;03]o.1[FeTiOs]o9 (HI-9) can serve
as a special platform for investigating exchange-bias effect,
due to its three characteristics: (i) an AFM-AFM sys-
tem, (i1) the “two pinning phases and one pinned phase”
structure, and (iii) the field-induced dynamic magnetic
transformation between the pinning and pinned phases.
These characteristics are supported by the results of the
neutron powder diffraction and the magnetic dynamic mea-
surement. Two anomalous EB behaviors are observed in
HI-9: (i) both H¢ and Hg simultaneously decrease to zero
at 30 K due to the collinear AFM-AFM system and the
dynamic magnetic transformation, (ii) for a high H o,
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Hyg decreases logarithmically with increasing H .01 due to
the “two pinning phases and one pinned phase” structure
and the field-induced dynamic magnetic transformation,
based on which a revised Niebieskikwiat and Salamon
model is put forward and it can explain well the loga-
rithmical decrease in Hg. Arrott plots confirm that the
FOMPT corresponding to the field-induced dynamic mag-
netic transformation from AFM Fe?* to FM Fe?" and the
SOMPT for the process of FM Fe* aligning with the
external field direction coexist in HI-9. The Morin transi-
tion of Fe’* cations and FOMPT cause the anomalous EB
behaviors in HI-9. This work may provide fresh ideas for
research into the EB effect.
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