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In this paper we report the detailed study of magnetic phase diagrams, low temperature mag-
netic structures and the magnetic field effect on the electrical resistivity of the binary intermetallic
compound TbsNi. The incommensurate magnetic structure of the spin-density-wave type described
with magnetic superspace group P112; /al’(ab0)0ss and propagation vector kic = [0.506, 0.299, 0]
was found to emerge just below Néel temperature Tn = 61 K. Further cooling below 58 K results in
the appearance of multi-component magnetic states: (i) combination of k; = [%, %, 0] and kic in
the temperature range 51 K < T' < 58 K; (ii) mixed magnetic state of kic, ki1 and ko = [%, i, 0]
with the partially locked-in incommensurate component in the temperature range 48 K < 7' < 51 K;
(iii) low temperature magnetic structure that is described by intersection of two isotropy subgroups

associated with the irreducible representations of two coupled primary OPs ko = [%7 %7 0} and
ks = [%7 %7 0} and involves irreducible representations of the secondary OPs k; = [%7 %7 O] and
ky, = [%7 0, 0} below 48 K. An external magnetic field suppresses the complex low temperature

antiferromagnetic states and induces metamagnetic transitions towards a forced ferromagnetic state
that are accompanied by a substantial magnetoresistance effect due to the magnetic superzone ef-
fect. The forced ferromagnetic state induced after application of an external magnetic field along
the b and c crystallographic axes was found to be irreversible below 3 K and 8 K, respectively.

PACS numbers: 75.25.42; 75.47.m; 75.50.Ee; 61.12.1L.d

I. INTRODUCTION

shape of the Fermi surface (FS) was found to determine

Magnetic phase transitions are matter of particular
importance since they provide an insight into the fun-
damental physics of magnetic materials and determine
their potential for use in technical applications. Evolu-
tion of magnetic and electronic properties of the rare-
earth (R) transition metal (T') intermetallic compounds
as well as their interplay caused by magnetic phase tran-
sitions is still an attractive subject for fundamental sci-
ence. An increasing demand for strong permanent mag-
nets based on the R - T  intermetallic compounds brought
about a lot of research works focused on magnetic prop-
erties determined by an indirect 4f-3d exchange inter-
action of the Ruderman-Kittel-Kasuya-Yosida (RKKY)
type. [1]. However, there is still much interesting ba-
sic science in the R — T intermetallic systems where the
magnetic 4f electrons themselves as well as the indi-
rect 4 f-4f exchange interactions prevail and give rise to
intriguing fundamental properties [2]. For instance, a
strong coupling between localized 4f moments and the
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the type of a magnetic order in pure rare-earth metals
[3]. The decisive role of the FS geometry in explaining
of the complex incommensurate magnetic orders in the
ternary rare-earth silicides RoPdSis (R = Gd, Tb) and
cerium hexaboride CeBg has been evidenced by means of
magnetic neutron scattering and angle-resolved photoe-
mission spectroscopy spectroscopy [4, 5]. Recently, the
enhanced short-range antiferromagnetic order persisting
in Th3Ni and GdsNi compounds up to 5-6 times Néel
temperature was found to originate from dominance of
indirect 4f — 5d — bd — 4 f exchange interaction between
neighboring R-ions over RKKY exchange [6].

Among the rare-earth intermetallic compounds, RsT
(T = Co, Ni) compounds possess the highest content of
rare-earth metal within the binary R — T systems and
exhibit a rich variety of physical properties: unconven-
tional superconductivity [7, 8], charge density wave [9],
giant magnetoresistance effect [10, 11], multi-component
magnetic structures exhibiting coexistence of commensu-
rate and incommensurate propagation vectors [12, 13],
field-induced magnetic phase transitions [13-16] and gi-
ant magnetocaloric effect [17-20]. R3T compounds crys-
tallize in a low-symmetry orthorhombic structure of the
FesC type described with the space group Pnma [21].
The rare-earth ions occupy two non-equivalent 4c¢ and 8d
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FIG. 1. Schematic visualization of the crystal structure of
TbsNi. Tb atoms located in 4c and 8d Wyckoff sites form
distorted trigonal prisms enclosing Ni atoms located at 4c
position.

TABLE I. Atomic coordinates and unit cell parameters at
T = 70 K refined from our neutron powder diffraction data
using orthorombic space group Pnma.

Atoms x y z

Ni(4c) 0.3918(5) 0.25 0.5531(6)
Th(4c) 0.0309(7) 0.25 0.3562(9)
Th(8d)  0.1800(5)  0.0651(3) 0.8209(7)

a=6.8342(3) A, b=19.5262(4) A, ¢ =6.3306(3) A

x> =28, Rg =5.2%, Rr = 4.2%

Wyckoff positions with distances between neighboring R-
ions as short as in pure rare-earth metals (see Fig. 1 and
Table I). The transition metal ions are located at the
4c sites between the layers and don’t carry any magnetic
moment [13, 14, 22], while spin-fluctuations in 3d or 4d
band induced by f-d exchange may substantially affect
macroscopic properties of the R3T compounds [23]. Par-
ticularly, spin-fluctuations were suggested to be respon-
sible for an enhanced value of the T-linear specific heat
coefficient (y = 118 mJ mol ™' K~2 for GdsRh [23] and
v =86 mJ mol ™" K~2 for Gd3Ni [24]) as well as for the
tendency to saturation of the electrical resistivity in para-
magnetic state [25, 26]. The saturation of the resistivity
observed in numerous R37T compounds was also ascribed
to the short-range magnetic order persisting up to tem-
peratures well above Néel temperature and s-d scattering
mechanism [6, 27]. The complex multi-component in-
commensurate magnetic structures observed in R3T with
non-Kramers R ion apparently arise from the competi-
tion of exchange interactions of different types and low-
symmetry crystal electric field [6, 12-15].

Among the others R3T compounds, Th3Ni is of partic-
ular interest since it exhibits several magnetic structure
transformations on cooling below the Néel temperature
Tn = 61 K [6]. Despite two neutron powder diffrac-
tion studies [6, 14], the magnetic structure of this com-
pound has not yet been fully established in detail. Due
to the complex non-coplanar magnetic structures exist-
ing at low temperatures, the magnetization process re-
veals a rich variety of the field-induced magnetic phase
transitions [14] that may substantially affect an anoma-
lous behavior of the electrical resistivity observed on the
polycristalline Th3Ni sample [25]. If the magnetic phase
diagram, low-temperature magnetic structures and their
interplay with electrical properties of the ThsNi com-
pound are to be clarified, measurements on single crystal
samples are necessary.

In this work, we present such detailed study of the
magnetic field effect. We report characterization of the
low-temperature magnetic structures and magnetic phase
diagrams of Th3Ni determined by means of magnetic and
magnetoresistance measurements, single crystal neutron
diffraction in high steady magnetic fields up to 180 kOe
and cold neutron powder diffraction below and above the
Néel temperature.

II. EXPERIMENTAL

ThsNi ingot was prepared by induction melting of ter-
bium and nickel metals in a helium atmosphere using
Thb and Ni of 99.9 and 99.99% purity, respectively. Sev-
eral single crystals with largest dimensions of approxi-
mately 4 x 5 x 6 mm? were extracted from the ingot af-
ter slowly cooling the melt through the peritectic point.
The quality and homogeneity of the single crystal was
determined using x-ray Laue diffraction. Three single
crystalline samples were cut along main crystallographic
directions of the orthorhombic unit cell. Neutron sin-
gle crystal diffraction experiments were performed at the
E4 two-axis diffractometer [28] at the BER II reactor of
the HZB and at the Cold Neutron Chopper Spectrom-
eter (CNCS) [29, 30] at the Spallation Neutron Source
(SNS) of the Oak Ridge National Laboratory. An in-
cident wavelength A\ = 2.4 A selected with the pyrolytic
graphite PG (002) monochromator was utilized at the E4
diffractometer along with a set of A\/2 filters reducing the
contamination of higher-order wavelength components to
a level below 10~%. The superconducting vertical field
cryomagnet VM-1 capable of generating magnetic fields
up to 145 kOe was used to apply magnetic field along the
c crystallographic axis of the single crystal sample.

Neutron powder diffraction measurements were per-
formed at the cold neutron powder diffractometer
DMC [31] at the Swiss Spallation Source SINQ (Switzer-
land) with neutrons wavelength A\ = 3.8 A. Refinement
of magnetic structure was performed using JANA2006
program [32].

Magnetoresistance measurements were made in Na-
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FIG. 2. Reciprocal susceptibility (a) and ZFC-FC curves of
magnetic susceptibility (b) measured in applied magnetic field
of 1 kOe along the c crystallographic direction. The dashed
line depicts Curie-Weiss law; (c) temperature dependence of
the electrical resistivity p(T') along the b and ¢ crystallo-
graphic directions in zero magnetic field normalized to the
electrical resistivity at 7" = 280 K.

tional High Magnetic Field Laboratory (Tallahassee,
USA) by using an ac bridge (Lakeshore Model 372,
Lakeshore, USA) under magnetic fields up to 18 T on an
excitation current of 1 mA at temperatures from 1.4 K
up to 300 K. Single crystalline samples with dimensions
of about 2 x 2 x 5 mm? with the long side parallel to
one of the main crystallographic directions were fixed to
the holder with an epoxy resin. Magnetic measurements
were performed using a Magnetic Properties Measure-
ments System (MPMS, Quantum Design, USA) in an
external magnetic field up to 7 T.

III. RESULTS AND DISCUSSION
A. Zero field magnetic state
1. Magnetic susceptibility and electrical resistivity

Temperature dependence of the reciprocal magnetic
susceptibility as well as zero-field cooled (ZFC) and field
cooled (FC) susceptibility curves measured in an exter-
nal magnetic field of 1 kOe applied along the ¢ crystallo-
graphic axis are shown in Fig. 2(a,b). Our single crystal
exhibits a similar temperature dependence of the mag-
netic susceptibility as previously reported for the poly-
crystalline and single crystal samples [6, 14]. ZFC-FC

curves reveal significant hysteresis below the Néel tem-
perature and a broad anomaly around 7; ~ 50 K. Both
reciprocal and direct magnetic susceptibility curves ex-
hibit substantial deviation from the Curie-Weiss (CW)
law on cooling below 200 K. The effective magnetic mo-
ment ILLZ;)f = 11.0 pp and paramagnetic Curie temper-
ature 0, = 34.6 K were obtained from the CW law fit
in the temperature range 220 — 300 K. The estimated
MZ})f surpasses theoretical value MZ})f = 9.72up for the
free Th3T ion. The deviation from the CW law and an
additional contribution to the effective magnetic moment
arise from the enhanced short-range magnetic order per-
sisting in ThsNi over a wide temperature range up to
5-6 Ty [6]. Similar behavior was previously reported for
other binary intermetallic compounds with high content
of rare-earth metal such as R3T [13, 25, 27], RsPds [33]
and R7Rhs [34, 35]. Moreover, the contribution from
spin-fluctuations in the d-electron subsystem may affect
the susceptibility behavior as well [23, 26].

Temperature dependence of the electrical resistivity
measured along the b crystallographic direction (see
Fig. 2(c)) exhibits a metallic behavior with a brief de-
crease below the Néel temperature. Such a behavior is
consistent with previously reported data for the single
crystal sample [25]. Contrary, the electrical resistivity
measured along the ¢ crystallographic direction shows
anomalous behavior. It is dominated by the broad hump
around T3 ~ 50 K that is followed by monotonic decreas-
ing when temperature is rising in a wide range above Tx.
This maximum on the p(T) curve is reminiscent of heavy
rare-earth metals Ho and Dy [36], where a spiral magnetic
structure results in appearance of new magnetic bound-
aries in the Brillouin zone and superzone gaps at the
Fermi surface. Similar behavior of the electrical resistiv-
ity was reported for numerous actinide systems exhibiting
emergence of complex multi-k magnetic structures below
their Néel temperatures [37, 38]. For example, electri-
cal resistivity maximum below the Néel temperature of
the Ug.9Thg1Sb compound was ascribed to the incom-
mensurate to triple-k transition [38]. However, negative
dp(T)/dT in a wide temperature range above Ty is not
typical for intermetallic systems. The negative temper-
ature coefficient of resistivity associated with the pres-
ence of short-range antiferromagnetic correlations above
Tn was detected in Gd;Rhs [39]. As it has been shown
in Ref. [6], short-range antiferromagnetic (AFM) corre-
lations may persist in ThgNi up to room temperature.
The electron scattering on magnetic nonhomogenities as
well as the magnetic superzone gap effect inside the AFM
clusters may contribute to the electrical resistivity even
at temperatures well above Tn. Temperature increase
suppresses the short-range AFM order and reduces mag-
netic contribution to the total electrical resistivity.
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FIG. 3. (a) Scans across k of the (1/2 k 0) reciprocal layer performed at T'= 2 K, 50 K, 56 K, 60 K and 200 K, (b) neutron
powder diffraction patterns measured at 7' = 2 K, 40 K, 50 K, 58 K and 65 K, (c) scan across k of the (1/2 k 0) reciprocal
layer at T'= 50 K. Function I(Qp) is approximated with two Gaussian components originated from k2 and kic.

yi
© 0.50 F O—"'—0—0-00—0=0

<045k CMAFM £ k,
o 0457 o
~°0.40 Q
1 (o]
i - |
x 0.35 k3

g Ly © sro L
QO 0.00 :-V4— v—v ICM AFM

1 I yi 1 1 1 n 1 I 1 i 1

2 " 45 5 55 60 65

Temperature (K)

FIG. 4. Temperature dependence of the k, components of the
propagation vectors ki, ko, k3, ks and kic. CM AFM — anti-
ferromagnetic phase described with the commensurate prop-
agation vectors ki, ko, ks and ks; Lock-in — mixed magnetic
phase where incommensurate and locked-in components coex-
ist; ICM — magnetic phase with the incommensurate magnetic
structure described by kic and ki; SRO AFM — paramagnetic
state incorporating short-range antiferromagnetic clusters.

2. Single crystal neutron diffraction in zero field

Let us turn to the low temperature magnetic state
studied in zero magnetic field. Scans across k of the
(1/2 k 0) reciprocal layer performed at several tem-
peratures and neutron powder diffraction patterns mea-
sured at various temperatures are shown in Fig. 3(a)
and Fig. 3(b), respectively. As one can see, a long-
range incommensurate magnetic structure described with
the incommensurate propagation vector kyjc = [%, 1, O]
where p ~ 0.29 develops on cooling sample below the
Néeel temperature Ty = 61 K. The second commensurate
propagation vector ky = [%, %, O} develops below 58 K.
This magnetic structure persists down to Ty; ~ 51 K
where the incommensurate component partially locks-
in to the commensurate one with the propagation vec-
tor ko = [%, %, O}, as it is shown in Fig. 3(c). In to-
tal, three propagation vectors kjc, ki and ks coexist
in the narrow temperature range 48 K < T < 51 K.

Additional magnetic peaks indexed by ks = [%, %, O]
and ky = [%, 0, O} appear around T ~ 48 K while
the incommensurate component completely disappears.
A combination of four commensurate propagation vec-
tors ki, ko, ks and k4 is necessary for indexing of
all the magnetic Bragg peaks in the temperature range
T < Tto. Since all of the observed propagation vectors
k; = ks, ky, k-] exhibit identical k; and k. but different
k, components, we may plot temperature dependencies
of all the propagation vectors k; as a phase diagram k,
versus temperature T' (see Fig. 4).

The previous neutron diffraction study of the Th3Ni
powder sample performed by Gignoux et. al. [14]
revealed two commensurate propagation vectors ks =
[%, %, 0] and ky = [%, 0, 0] for the low temperature
magnetic state at T' = 4.2 K while k; and ko were not
detected apparently due to poor resolution in the low-
@ range. The multi-component magnetic structures ex-
hibiting coexistence of commensurate and incommensu-
rate propagation vectors and high order harmonics have
been previously reported for other R3Co compounds with
the non Kramers-type ions, R = Th, Ho [12, 13]. How-
ever, to our best knowledge, such a complex low temper-
ature magnetic state described with four different prop-
agation vector stars ki, ko, ks and k4 has never been
observed for other R3T compounds.

It’s not possible from principal reasons to conclude
from neutron diffraction data if the observed magnetic
peaks belong to the several magnetic phases (magnetic
phases separation scenario) or to several modulations co-
existing in the one domain single crystal sample (multi-k
structure). It should be emphasized that the observed
propagation vectors ki, ks, ks and ky apparently are not
the arms of the single k-star since they are not related
by the symmetry elements of the space group Pnma.
Thus the low temperature magnetic structure of Th3Ni
is not consistent with the multi-k scenario observed in
numerous magnetic systems [38, 40]. However, some of
the observed propagation vectors still may be coupled
and describe complicated magnetic structure with en-
larged magnetic unit cell. ISODISTORT program based
on ISOTROPY software package can be an effective tool
for exploration of possible couplings between different



order parameters in the system and listing of all order-
parametric distortions for a group-subgroup pair [41, 42].

In accordance with Ref. [41], an order parameter (OP)
which defines the phase transition and determines the
symmetry of the lower symmetry phase is called the pri-
mary OP. A particular direction of the OP in represen-
tation space, that is called order parameter direction
(OPD), determines a particular isotropy subgroup the
symmetry elements of which leave the OP invariant. In
the case when one primary order parameter associated
with one irreducible representation (irrep) is not enough
to describe the symmetry of the crystal below the tran-
sition, coupling of two or more primary OPs should be
considered. Experimentally observed propagation vec-
tors ko = [%, %, O] and kg = [%, %, O} correspond to
the D line of Brillouin zone in accordance with inter-
national notation after A. P. Cracknell, B.L. Davies, S.
C. Miller and W. F. Love (CDML) [43]. In the space
group Pnma one four-dimensional physically irreducible
representation labeled as mD1 can be assigned to both
ko and k3. Each irrep has general OPD with four de-
grees of freedom that is labeled as (a, b, ¢,d). A complete
list of isotropy subgroups Gygs and Ggs ascribed to all
possible particular directions of the OP in representation
space can be generated by ISODISTORT. Coupling of
two primary OPs means that symmetry of the magnetic
structure below the transition is determined by the inter-
section of two isotropy subgroups Gyo and Gys [44]. In
total, five possible intersections Ggso k3 corresponding to
five particular OPDs in representation space have been
found by ISODISTORT (see table II). The OP direction
classified as C2(1)C3(1) corresponds to a low symmetry
triclinic group Pg — 1. OPDs classified as C1(1)C2(1),
C3(1)C5(1) and C3(1)C6(1) correspond to more restric-
tive monoclinic groups P,2;, P,m and P,c, respectively.
The general OP direction of 4D1(1)4D1(1) type corre-
sponds to the lowest symmetry triclinic group Pgl. All
five models yield a magnetic supercell that is 24 times of
the crystallographic unit cell.

A complete list of irreps, which are capable of mag-
netic moments on Tb sites and can be involved in the
group-subgroup transition, is shown in table II. A com-
bination of irreps associated with primary OPs [ko] mD1
and [ks3]mD1 is mathematically capable of producing
one of the five isotropy subgroups describing the low
temperature magnetic structure of ThgNi. Moreover,
irreps of the experimentally observed propagation vec-
tors k; = [%, %, O} and ky = [%, 0, O] were found to
be potentially involved in the phase transition as sec-
ondary OPs coupled to the primary ones. Thus obser-
vation of magnetic satellites indexed by ki, ko, k3 and
ks at T = 2 K may be considered as a sign of compli-
cated magnetic structure with a large magnetic unit cell
2a x 12b x ¢ that is described by two coupled primary
OPs and two secondary OPs rather than the magnetic
phase separation scenario.
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FIG. 5. (a) Neutron powder diffraction patterns for ThsNi
measured at 7' = 58 K and 65 K. (b) The results of Ri-
etveld refinement of the neutron diffraction pattern at T =
58 K using the model of the magnetic superspace group
P1121 /al’(ab0)0ss. Empty circles represent the experimental
profile, the black line through the symbols is the model profile
and the solid line at the bottom is the difference curve.

3. Neutron powder diffraction at T = 58 K

The neutron powder diffraction data were measured
just below and above Néel temperature at 7' = 58 K and
65 K, respectively, using a cold neutron powder diffrac-
tometer DMC (PSI, Switzerland) with the neutron wave-
length A\ = 3.8 A that provides good resolution in the low
Q-range. As can be seen from Fig. 5(a), a series of mag-
netic Bragg peaks emerges below the Néel temperature
on the neutron diffraction pattern. The incommensurate
magnetic structure propagation vector kic = [%, s O]
determined from the single crystal neutron diffraction
data has been tested by the Le Bail fit at T = 58 K
in order to adjust profile function parameters as well as
a p value. It has been found, that the high intensity
magnetic satellite of (000)™ type having a slightly asym-
metric shape and a substantial magnetic critical scatter-
ing contribution could not be well approximated on the
refinement. Thus, the low-angle range 20 < 25° was
excluded from the refinement. The Le Bail fitting of
the neutron diffraction pattern within the angle range
of 25° < 20 < 131° revealed that the propagation vector
ki with the ky component fixed to 1/2 and an adjustable
ky component is able to index all the magnetic satellites.



TABLE II. Magnetic space groups obtained from the intersection of two isotropy subgroups associated with the irreps of two
primary OPs ko = [1 1 0] and ks = [1 1 0]. OP directions, basis vectors and potentially active irreps associated with
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the involved secondary OPs k; = [%, 1,0] and ks = [%,0,0] are given for every magnetic space group. Particular OPDs in
representation space are given in H. T. Stokes and D. M. Hatch notation [45]. Irreps symbols are given in CDML notation [43].

OPD and Shubnikov group Basis vectors

Primary OPs

Secondary OPs

{(_27 07 0)7 (07 0, 1)7 (07 12, O)}
C1(1)C2(1) Pa2:
Origin at (—3/4,0,0)

{(0,0,1),(0,12,0),(—2,0,0)}
C2(1)C3(1) Ps — 1
Origin at (0,0, 0)

{(2,0,0),(0,12,0), (0,0,1)}
C3(1)C5(1) Pam
Origin at (0,1/4,0)

{(0,0,1),(0,12,0), (—=2,0,0)} [ks] mD1(a, b, —0.414a, 2.414b)

C3(1)C6(1) P.c
Origin at (0,13/4,0)

{(0,0,1),(0,12,0),(—2,0,0)}
4D1(1)4D1(1) Psl
Origin at (0,0, 0)

[k2] mD1(a, b, b, a)
[k3] le(a7 b7 b7 CL)
k2] mD1(a,b,0,0)

k3] mD1(a,b,0,0)

(ko] mD1(a, b, —0.414a, 2.414b)

[ka] mX1(a, —a), [ka] mX2(a, —a)
k1] mS152(0, a, 0, b)
[ks] mX1(0, a), [ka] mX2(a,0)
(k1] mS152(a, b, b, —a)

k4] mX1(a,b)

[ks] mD1(a,b, —0.577a, 1.732b)

k3] mD1(a,b,1.732a, —0.577b)

(k1] mS152(a, a, b, b)
k4] mX2(a, b)
(k1] mS1S2(a, —a, b, —b)
[ks] mD1(a, b, c, d) (ks mX1(a,b), [ka] mX2(a,b)

ks]mD1(a,b,c,d) k1] mS152(a, b, ¢, d)

However, the fit quality wasn’t perfect indicating that the
kx component needs to be adjusted as well. The second
refinement with both ky and k, adjustable parameters
provided the best fit quality and revealed slight devia-
tion of ky from the commensurate value. The incommen-
surate magnetic structure propagation vector was esti-
mated to be k¢ = [% +94, u, O} where § = 0.006+0.001
and p = 0.299 £ 0.001.

In the case of the orthorhombic crystal structure with
the space group Pnma, the propagation vector star kic
(CDML label V' of Brillouin zone) has four arms ki, =
ke, ky, 0], kIQC = [~ka, ky, 0], k?C = [ka, — ky, 0]
and kic = [~ks, —ky, 0], where k, = 0.506 and
ky = 0.299. Two symmetry operations of the space group
Prnma {E|000} and {m.|3 0 3} leaving the propa-
gation vector kjc invariant form the little group Gy.
Magnetoactive terbium atoms occupy two nonequivalent
crystallographic sites Tb1(4c: 0.0294 0.25 0.3556) and
Th2(8d: 0.1800 0.0649 0.8209) in the ThsNi structure.
These sites are split in two and four independent mag-
netic orbits, respectively, by the symmetry operations
of the little group Gik. Decomposition of the magnetic
representation of the little group Gy performed with
Baslreps program [46] gives two one-dimensional irre-
ducible representations I'nyjag = 3177 + 317 for both 4c
and 8d magnetic Th atoms. Then three basis vectors
for every of six independent magnetic orbits can be con-
structed. In total, one should refine 18 mixing coefficients
of basis vectors and 5 relative phases between indepen-

TABLE III. Irreducible representations of the little co-group
ml’ for kic = [0.506, 0.299, 0] which define two possible
magnetic irreps of the paramagnetic space group Pnmal’.
Two corresponding magnetic superspace groups are shown in
the last column. (a = exp{2m * 0.253})

Irreps E me 1 Superspace group
mWi 1 a -1 P112; /al’(ab0)00s
mVa 1 —a -1 P112; Jal’(ab0)0ss

dent magnetic orbits in order to test both the irreducible
representations unless some restriction may be imposed.

Alternatively, one can introduce the magnetic mo-
ment modulation functions defined in the (3 + 1) dimen-
sional superspace and describe the magnetic structure us-
ing magnetic superspace group formalism [47-50]. The
magnetic moment modulation function M; describes the
magnetic moment of an atom 4 with atomic coordinates
r; in the unit cell shifted by a lattice translation T from
the zeroth unit cell and can be represented as a Fourier
series [49]:



M, (z4) =M, 0 + Z {Msm sin (2mnaxy) +

+ M cos (2mnazy) ] (1)

where n is a number of terms in Fourier series that
is limited to n = 1, 4 = k(T + ;) is an internal co-
ordinate, and absolute term M; o = 0 since there is no
ferromagnetic component at T = 58 K. Magnetic mo-
ment modulation functions M; (x4) and M; (z4) of the
symmetry-related atoms {R|t}r; = r; + T in the unit
cell are constrained by the symmetry operations of the
magnetic superspace group in a four-dimensional space
{R, 0|t, 7} in a way determined by the following equa-
tion for the purely incommensurate propagation vector
kIC [49]

Mj (R[$4 + TQ) =0 det (R) RMl (1'4) s (2)

where 79 = 7 + kt, R; equals +1 for R keeping k
invariant or —1 for the one transforming k to —k, and 6
is a time-reversal operation that could be +1 or —1 for a
particular symmetry operator of the magnetic superspace
group.

In order to determine the superspace group of the
magnetic structure, symmetry of the parent paramag-
netic phase described with the magnetic grey space group
Pnmal’ should be considered. This space group consists
of all symmetry operations of the space group Pnma
and the equal number of operations multiplied by the
time reversal operator 1’. The little co-group Gy of
the propagation vector k consists of all symmetry op-
erations keeping the propagation vector k invariant. All
the symmetry operations of the little co-group Gy and
those ones transforming propagation vector k to —k
form a subgroup of the paramagnetic space group that
is called an extended little group. The little co-group
for kijc = [0.506, 0.299, 0] is composed of 4 symmetry
operations {E, m.,1’,m.} and can be defined as a grey
magnetic point group ml1’. There are two magnetic ir-
reps of the paramagnetic space group Pnmal’ which are
trivially related (see Ref. [49]) to the irreducible repre-
sentations of the little co-group m1’ shown in Table III.
In accordance with Landau theory of second order phase
transitions, the magnetic structure of Th3sNi below its
Néel temperature involves one of these magnetic irreps
to which a particular magnetic superspace group can be
assigned.

As it has been shown in Ref. [49], a magnetic su-
perspace group includes all the symmetry operations of
the extended little group together with the time rever-
sal operator {1//000 1}. Additionally a translation
of {000 1} should be added to the symmetry opera-
tions of the little co-group having character —1. Thus,
two magnetic superspace groups P112 /a1’ (ab0) 00s and
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FIG. 6. Schematic visualization of the SDW magnetic struc-
ture for the high temperature incommensurate magnetic
phase of ThsNi. Projections of the a x 3b x ¢ crystallographic
cell on the ac crystallographic plane is shown on the top left.
Projections of the %a X 3b x ¢ crystallographic cell on the bc
crystallographic plane is shown on the top right. 3D visual-
ization of the SDW magnetic modulations over Th1(4c) site
and the ones over Th2(8d) and Th3(8d) magnetic sites for the
2a x 6b x c crystallographic cell are shown at the bottom left
and right, respectively.

P1121/al’ (ab0) 0ss can be constructed manually or au-
tomatically generated by the JANA2006 program [32].
Symmetry operations for both magnetic superspace
groups are presented in Table IV in accordance with for-
malism used in JANA2006. Both of these groups could
be transformed to the standard setting P2;/c1’ (a0g) 00s
and P21 /cl’ (a0g) 0ss applying the following transforma-
tion:

(3)

<
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It should be emphasized that involvement of the sym-
metry operations transforming k to —k allows one to
avoid splitting of the 4c and 8d Wyckoff sites of the
TbsNi crystal structure to six completely independent
magnetic orbits obtained within the representation anal-
ysis approach. In the magnetic superspace group ap-
proach, one have three symmetrically nonequivalent mag-
netic sites Thl (4e:  0.0309 0.25 0.3562), Th2 (8d:
0.1800 0.0651 0.8209) and Th3 (8d: 0.8200 0.5651 0.1791)
which are general fourfold positions for P112;/a space
group. The magnetic superspace group gives no con-
strains on the possible orientation of the magnetic mo-
ments of three symmetrically nonequivalent magnetic Th
sites. However, relations between components of the
magnetic moment modulation functions M (z4) of the
Tb atoms occupying the general fourfold site are de-
termined by the symmetry operations of the magnetic
superspace group in accordance with eq. 2. These rela-
tions are shown in Table V for magnetic superspace group
P112;/al’ (ab0) 0ss. Thus, three M5™® components and
three M$°® components for every magnetic Tbh site should
be refined.

The Rietveld

refinement performed using the



TABLE IV. Representative operations of the magnetic superspace groups P112;/al’ (ab0)00s and P112;/al’ (ab0)0ss and
their symmetry cards generated by the program JANA2006 [32]. The symbols —m and m label symmetry operations with and
without time-reversal, respectively. A complete set of symmetry operations can be obtained from the presented ones by the

internal product of the group.

P1121 /al’ (ab0) 00s

P1121 /al’ (ab0) 0ss

{E'O 00 0} T1,22,T3, T4, M
{2:13 0 5 0}
{Tjoo oo}

{m-|3 0 5 0}

{rj0oo0 i}

1 1
—Z1+ 35, —%2,L3+ 5, —T4, M
—T1, —x2, —T3, —T4,M
1 1
1+ 5,%2, %3 + 5,%4,M

1
x1,T2, T3, T4 + 5, —M

T1, T2, X3, T4, M
1 1 1
-1+ 35 —22,T3 + 3y T4 + 3,M
—x1, —T2, —T3, —T4,M
1 1 1
T+ §7$27_$3 + §7x4 + §7m

1
x1,T2,T3,T4 + 5, —M

TABLE V. Relations between components of the magnetic
moment modulation functions M; (x4) of the general fourfold
site produced by the symmetry operations of the magnetic
superspace group P112;/al’ (ab0) Oss.

Components of M (x4)

{E|0 00 0} Mw ($4) My (504) MZ (504)
{2:1305 07 M (zat3) —My(2at3) M:(2at3)
{Tjoo 00} M, (—z4) My (—x4) M: (—z4)

{mal3 030} —Mo(at3) —My(wat3) Me(2a+3)

JANA2006 program revealed that P112;/al’ (ab0)0ss
magnetic superspace group provides significantly better
agreement factors as well as good quality of fit. The
refined magnetic parameters are shown in Table VI. The
refined magnetic structure represents a combination of
three spin-density-wave (SDW) like modulations over
Tbl, Th2, and Th3 magnetic orbits propagating along
the b crystallographic direction. The SDW over Thl site
is almost confined within the propagation plane that is
parallel to the b crystallographic direction and inclined
from the c-axis to the a crystallographic axis by an angle
of 6781 The SDW over Th2 and Tbh3 magnetic orbits are
almost confined within the propagation planes that are
inclined by similar angles §1%2 and 1% in the opposite
direction from the c-axis. These SDW modulations
exhibit the slight out-of-plane fluctuations comparable
with the standard deviations that may arise from the fit
imperfections. The difference between waves over Tbl,
Tbh2 and Th3 sites can be seen in the projection on the
be-crystallographic plane. The SDW over the Tbl site

seems to be almost transverse having an y-component
comparable with the standard deviation. Contrary,
magnetic moments of the SDW over Th2 and Th3 sites
slightly fluctuate around directions that are inclined
from the c-axis to the b-axis in opposite directions by
similar angles of —ng;bQ and ¢Z;b3.

Thus, additional restrictions that are not defined by
the magnetic superspace group symmetry can be im-
posed: (i) 050 = =052 = —0,7°, (ii) ¢.° = —¢p.”
and (iii) out-of-plane components for all SDW modu-
lations were manually fixed to zero. The constrained
model of the magnetic structure has been refined and its
magnetic parameters are shown in Table VI. The best
fit result is shown in Fig. 5(b). The schematic visual-
ization of the constrained magnetic structure is shown
in Fig. 6. It should be emphasized that a slight de-
viation of the k, component of the propagation vector
kic = [0.506, 0.299, 0] from the commensurate value
k., = 0.5 means a very long period spin-wave modula-
tion (I ~ 1140 A) along the a crystallographic axis (not
shown in Fig. 6).

B. Field induced magnetic state
1. Field applied along the a crystallographic axis

The magnetoresistance curves Ap(H)/p(0) measured
at various temperatures as a function of an external mag-
netic field applied along the a crystallographic axis are
shown in Fig. 7(a)-(c). At low temperature of 1.5 K,
Ap(H)/p(0) curve exhibits a two-steps-like drop down
to -49% at the critical fields Hg! = 120 kOe and
HEY =142 kOe. This is in agreement with the field de-
pendence of the magnetization reported in Ref. [14] and
can be ascribed to suppression of the magnetic superzone
gaps at the Fermi surface due to two successive magnetic
phase transitions from the AFM state via an intermedi-



TABLE VI. Refined components of the high temperature incommensurate magnetic moment modulation functions M5 and
M$°® obtained for the symmetrically nonequivalent magnetic sites Th1, Th2 and Th3 using symmetry relations of the magnetic
superspace group P1121/al’ (ab0) 0ss without any additional restrictions (upper Table) and with additional restrictions as it
is described in the text (bottom Table). The maximum value of the terbium magnetic moment is given in the last column.

MZ™ () My™ (up) ME™ (ug) M;* (ps) My (us) MZ* (ps) |M|maz (13)

Th1 0.424 (213) —0.048 (237) 1.854 (124) 1.422 (227) —0.269 (194)  4.420 (124) 5.0 (0.3)
Th2  —1.252(186) —2.535 (145) 4.958 (120) —0.425 (273) —1.134(280)  0.885(106) 5.9(0.3)
Th3 1.035 (172) —0.834 (174) —2.254 (101) —1.106 (250) 0.700 (235) 2.516 (128) 3.9(0.3)
R (obs) = 1.9%, Ry (obs) = 2.9%, Rp = 2.8%, wRp = 3.4%

Th1 0.545 (29) 0* 1.702 (85) 1.426 (31) 0* 4.457 (89) 5.0 (0.1)
Th2 —1.579 (26) —2.100 (49) 4.935 (76) —0.307 (26) —0.408 (49) 0.959 (76) 5.7(0.1)
Tb3 0.731 (28) —0.972 (53) —2.285 (82) —0.875 (27) 1.164 (51) 2.735 (79) 4.0 (0.1)

Rl (obs) = 2.0%, Ry*? (obs) = 3.2%, Rp

=2.9%, wRp = 3.4%

* manually fixed
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FIG. 7. Magnetoresistance curves measured in a geometry with the current along the ¢ crystallographic direction and magnetic
field along the a axis (a)-(c) and along the b axis (d)-(f) at different temperatures.

ate ferrimagnetic-type state (IFIM) to the forced ferro-
magnetic (FM) state. A similar magnetoresistance upon
application of external magnetic field was previously re-
ported for numerous binary rare-earth intermetallic com-
pounds [10, 11, 27, 39, 51]. A substantial hysteresis of
Ap(H)/p(0) vs H curves measured on magnetization and
demagnetization persists in a wide magnetic field range
below H{%. The magnetoresistance curve measured on

demagnetization exhibits similar two-steps behavior with
FM-IFIM phase transition at the critical field HE4™ and
IFIM-AFM phase transition at Hgﬁ“" Temperature in-
creasing up to 40 K results in suppression of the hysteresis
behavior and in reduction of Hoy and Hcs. It should be
emphasized that the magnetoresistance curves with an
inflection point are observed to persist up to 80 K, which
is well above Ty = 61 K. Such an unusual behavior may



originate from suppression of the short-range AFM or-
der persisting in ThsNi up to temperatures that are 5-6
times greater than the Néel temperature [6]. The mag-
netic phase diagram for a Th3Ni single crystal in an ex-
ternal magnetic field applied along the a crystallographic
direction is shown in Fig. 8(a).

2.  Field applied along the b crystallographic axis

The magnetoresistance curves Ap(H)/p(0) measured
at various temperatures as a function of the external
magnetic field applied along the b crystallographic axis
are represented in Fig. 7(d)-(f). As one can see, mag-
netoresistance behavior at low temperatures is substan-
tially different from the data obtained for the field ap-
plied along the a direction. The magnetoresistance curve
measured at T = 4 K exhibits step-like decrease of -44%
at the critical magnetic field H'” = 118 kOe that corre-
sponds to the metamagnetic transition to the forced FM
state, as it was reported by Gignoux et. al. [14] from the
field dependence of the magnetization measured on the
single-crystal sample. Some hysteresis upon demagneti-
zation can be observed on the magnetoresistance data in
our work as well as on the magnetization data in work
[14].

However, magnetoresistance curve measured on de-
magnetization changes dramatically below 4 K. At T' =
1.5 K the magnetoresistance curve on demagnetization
exhibits an increase at the critical field H, dil”" ~ 101 kOe
that is followed by decreasing below HEg™ ~ 81 kOe
down to the value previously observed for the forced
FM state. The further field cycling keeps the sam-
ple in the metastable FM state within the field ranges
—H@¥" < H < H&", H > H&™, H < —HZ&Y™ and
in the metastable magnetic state that is formed by mix-
ture of the ferromagnetic and antiferromagnetic phases
(FM + AFM) in the field ranges H@4™ < H < H&™
and —HW™ < H < —HZ¥". As seen in Fig. 7(e), a
temperature increase up to 3 K almost suppresses the
metastable magnetic states observed at 7' = 1.5 K. The
further temperature rise up to 60 K, that is just below
Tn = 61 K, results in suppression of the hysteresis behav-
ior and gradual transition to the forced FM state. Similar
monotonic decrease of the magnetoresistance curve due
to the suppression of the short-range antiferromagnetic
order can be observed at the temperatures well above
Tn (see Fig. 7(f)). The magnetic phase diagram for the
TbsNi single crystal in an external magnetic field applied
along the b crystallographic axis is shown at Fig. 8(b).

3. Field applied along the c crystallographic axis

In Fig. 9(a)-(f), we plot magnetization and magnetore-
sistance curves measured below and above Ty in an ex-
ternal magnetic field applied along the ¢ crystallographic
direction that is the easy magnetization axis for Th3Ni
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[14]. At T = 2 K, application of an external magnetic
field above Hc = 54 kOe results in a step-like jump of the
magnetization reaching the saturation. Since the critical
magnetic field Hc of the magnetoresistance jump coin-
cides with H¢ of the magnetization jump at 7' = 1.5 K,
the critical field of the AFM-FM phase transition can be
determined from both magnetization and magnetoresis-
tance curves. The magnetic moment per Tb ion doesn’t
reach its theoretical value gJ = 9up even in the mag-
netic field of 75 kOe. This inconsistence results from the
presence of a large magnetocrystalline anisotropy due to
the crystal field effect and non-collinearity of the mag-
netic structure even in the field-induced FM state [14].
The hysteresis keeps the sample in the metastable ferro-
magnetic state (MFM) in zero field and one need to ap-
ply negative magnetic field of Héil“" = —13 kOe to rein-
state the AFM state. The second step-like metamagnetic
transition from the AFM state to the forced FM state
can be observed at the critical field HZY"™ = —53.5 kOe.
Thus, one can observe a wide symmetric hysteresis loop
of the ”wasp-waisted” type with two sharp magnetization
jumps at the critical fields Hgfl”", ggm on field decreas-
ing and two jumps at Hgl, H' on field increasing, as
it is shown in Fig. 9(a). The sharpness of the step-like
transitions showed by both magnetization and magne-
toresistance curves may be ascribed to the simultaneous
domain wall motion on the scale of the sample, due to
a thermal ”avalanche effect”, initiated by wall tunneling
events on a microscopic scale. Temperature increase up
to 4 K results in a substantial change of the hysteresis
loop: (i) the critical field values decrease, (ii) the ”wasp-
wasted” shape of the hysteresis loop is almost lost (iii)
the field induced metamagnetic transitions on the hys-
teresis loop evolves to be smooth, (iv) decreasing of the
field to zero still keeps the sample in the metastable FM
state while application of a negative magnetic field below
ngm ~ —9.5 kOe partially suppresses ferromagnetism
and induces the mixed AFM + FM magnetic state.

The further increase of temperature up to 10 K restores
the ”wasp-wasted” shape of the hysteresis loop and sup-
presses zero-field metastable ferromagnetic state. The
critical fields Hc, Hggm and the hysteresis loop width
AH = H¢h — H3Y™ = HE — HEY™ monotonically de-
crease, as shown in Fig. 10 (a) and (b). The magnetic
hysteresis is almost suppressed on heating up to 40 K
while the critical field Ho = Hc1 = —Hgo reaches its
lowest value. Surprisingly, the critical field value H¢ cor-
responding to the magnetization and magnetoresistance
jumps at T = 60 K and inflection points on the both
curves at 80 K increase on heating above T = 61 K.
As it has been shown in Ref. [6], non-Brillouin shape of
the field dependence of the magnetization well above the
Néel temperature can be explained by an enhanced short-
range AFM order persisting up to temperatures that are
5-6 times greater than Ty. Thus, the enhanced criti-
cal field at 80 K may be attributed to the field induced
AFM-FM phase transition within the AFM clusters.

The temperature dependence of the hysteresis loop
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FIG. 8. Magnetic phase diagrams plotted using temperature dependencies of the critical fields obtained from the magnetoresis-
tance and magnetic measurements in a geometry with magnetic field along the a axis (a), along the b axis (b) and along the ¢
axis (c). Solid and dotted lines represent phase boundaries on the initial magnetization and demagnetization, respectively. SRO
AFM denotes a paramagnetic state with short-range antiferromagnetic order, FM — forced ferromagnetic state, AFM — low
temperature antiferromagnetic state, IC — high temperature incommensurate magnetic state just below the Néel temperature,
Lock-in — mixed magnetic state with partially locked-in incommensurate component, ME'M — metastable ferromagnetic state
persisting on demagnetization, IFIM — an intermediate ferrimagnetic state , FM+AFM — metastable mixed magnetic state
below 4 K where both ferromagnetic and antiferromagnetic phases coexist.
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FIG. 10. (a) Temperature dependence of the critical fields
Hc, HE™ and H3Y™ obtained from the field dependences of
magnetization measured below and above Tn. (b) Temper-
ature dependence of the hysteresis loop width AH fitted by
exponential and power laws (see the text).

width AH shown on Fig. 10(b) exhibits exponential
rather than the power law behavior. The power law fol-
lowing an empirical formula Ho(T)/Hc(0) = =V, - T +
[1+ (Vi - T)?)*/2, where V; represents the degree of eas-
iness for thermally activated movement of domain walls,
was used for modeling of a thermally activated domain
walls displacement in ferromagnets with a high uniaxial
anisotropy [52-54]. The exponential decay of the coer-
cive field following an empirical formula He(T)/Hc(0) =
exp(—aT) is typically observed in a numerous amorphous
systems where random magnetic anisotropy plays a cru-
cial role [55]. The effect of averaging in amorphous mate-
rials results in a faster decrease in the anisotropy constant
Kave with temperature and thus in a faster decrease in
Hc than in crystalline materials [56]. This mechanism



seems to be irrelevant for the structurally ordered Th3Ni
single crystal possessing the orthorhombic crystal elec-
tric field. A more reliable scenario may be suggested if
one takes into account that the magnitude of the crystal
field in R3T type compounds is stronger than the ex-
change interactions [6, 14]. A strong anisotropy implies
that Th magnetic moments are constrained to be either
parallel or antiparallel to the local easy axis, as it is sup-
posed for Ising-like magnetic systems. A rapid decay
of large magnetic hysteresis on heating was reported for
isostructural ThzCo compound exhibiting the Ising-like
magnetic state at low temperatures [13]. In accordance
with Ref. [57], the value of the critical magnetic field
necessary for the metamagnetic transition from the AFM
state to the forced FM state as well as the hysteresis value
in the Ising-like systems are controlled by the local ex-
change interaction between neighboring Th moments and
thermal activation rather than by the anisotropy energy,
as it is usually observed in high-anisotropic ferromagnetic
compounds. However, to our best knowledge, there is no
strict theory explaining the empirical formula of the ex-
ponential decay of the coercive field in the structurally
ordered Ising-like magnetic systems.

We performed a neutron diffraction experiment on the
single crystal sample in an external magnetic field ap-
plied along the ¢ crystallographic axis in order to prove
the existence of an intriguing zero-field metastable ferro-
magnetic state at low temperature 7" = 2 K in Tb3Ni.
Scans across k of the (1/2 k 0) reciprocal layer performed
at T = 2 K in the zero magnetic field and in external
magnetic fields 40 kOe and 120 kOe applied along the
c-axis are shown in Fig. 11(a). It can be seen that an ex-
ternal magnetic field 120 kOe completely suppresses all
magnetic satellites indexed by the propagation vectors
ki, ko, k3 and k4. The detailed field dependencies of
the integral intensity of two nuclear Bragg peaks (1 2 0)
and (2 2 0) as well as of two antiferromagnetic satellites
(1/21/40) and (1/2 1/3 0) are shown in Fig. 11(b) and
(¢), correspondingly. It can be seen that application of
external magnetic field above Hc ~ 50 kOe results in
suppression of the magnetic satellites and enhancement
of the integral intensity of the nuclear Bragg peaks due
to a ferromagnetic contribution. Decreasing of the field
to zero keeps the sample in the metastable ferromagnetic
state, which is in agreement with our magnetization and
magnetoresistance data. The magnetic phase diagram
for Th3Ni single crystal in an external magnetic field ap-
plied along the c¢ crystallographic direction is shown in
Fig. 8(c).

IV. SUMMARY AND CONCLUSION

There are plenty of theoretical and experimental stud-
ies on geometrically frustrated nonmetallic lattices with
Ising anisotropy that reveal commensurate and incom-
mensurate multi-component magnetic structures as well
as complex magnetic phase diagrams exhibiting a rich
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variety of field induced phase transitions [58, 59]. As it
has been shown in Ref. [6], Th3Ni at low temperatures is
an example of a metallic Ising-like magnetic system with
substantial frustration of exchange interactions of differ-
ent types. Particularly, two distinct indirect exchange
interaction mechanisms compete in the R3T compounds
between R ions revealing as short distances as in the pure
rare-earth metals. As in other rare-earth transition metal
intermetallic compounds, the indirect 4f — 4 f exchange
coupling [60] through 4 f — 5d — 3d — 5d — 4 f mechanism
and 5d — 3d hybridization apparently dominates between
the buckled layers of the R3T structure. As in pure rare-
earth metals, 4f —4f indirect exchange via 4 f — 5d intra-
atomic interaction and short-range 5d—>5d interaction be-
tween neighboring R-ions is enhanced within the buckled
layers of the R3T structure and gives rise to the short-
range magnetic order persisting in ThsNi up to temper-
atures that are 5 — 6 times greater than Tx [6]. The
complex magnetic phase diagram exhibiting a series of
the field and temperature induced magnetic phase tran-
sitions as well as an unusual metastable ferromagnetic
state stabilized at low temperatures after application of
an external magnetic field, as it was evidenced by neutron
diffraction, magnetization and magnetoresistance mea-
surements on a ThsNi single crystal sample, arise from
the competition of the low symmetry crystal electric field
and RKKY exchange interactions of different types. The
Isng-like magnetic state with substantial frustration in
the magnetic subsystem may give rise to the exponen-
tial law of the hysteresis loop width AH(T), observed
in a geometry with a magnetic field applied along the ¢
crystallographic axis.

The complexity of the low temperature magnetic struc-
tures in ThsNi was evidenced by our single crystal and
powder neutron diffraction data. The incommensurate
magnetic structure with the propagation vector kic =
[0.506, 0.299, 0] emerges in Th3Ni on cooling below the
Néel temperature Ty = 61 K. We have performed refine-
ment of the high temperature incommensurate magnetic
structure of Th3Ni using the magnetic superspace groups
formalism that was found to be more efficient and more
restrictive than the conventional representation analy-
sis. Additional restrictions arise from the fact that some
of magnetic Th atoms are related only by the symme-
try operations interchanging k and —k. These symme-
try operations are included in the extended little group
used in the magnetic superspace groups approach but
they are not included in the little group Gi used in the
conventional representation analysis. Refinement of the
neutron powder difffraction data obtained at T = 58 K
revealed that the magnetic structure superspace group
is P112y/al’ (ab0)0ss. The refined magnetic structure
represents a combination of SDW modulations with a
period of I ~ 32 A along the b crystallographic direc-
tion combined with very long period SDW modulations
(I ~ 1140 A) along the a crystallographic axis propagat-
ing over three symmetrically nonequivalent Th sites.

Further cooling below 58 K results in emergence of the
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FIG. 11. (a) Scans across k of the (1/2 k 0) reciprocal layer performed at 7' = 2 K in the external magnetic fields 0, 40 and
120 kOe applied along the ¢ crystallographic direction. (b, ¢) Detailed field dependences of the integral intensity of nuclear
Bragg peaks (1 2 0) and (2 2 0) (reduced by factor 2) and antiferromagnetic satellites (1/2 1/4 0) and (1/2 1/3 0) measured

on magnetization and demagnetization at 7" = 2 K.

multi-component magnetic states: (i) a combination of
k; and kic¢ in the temperature range 51 K < T' < 58 K;
(ii) a mixed magnetic state of ki, k1 and ko with a par-
tially locked-in incommensurate component in the tem-
perature range 48 K < T' < 51 K; (iii) a pure commensu-
rate multi-component magnetic state described by a com-
bination of k;, ko, ks and k4 below 48 K. Our analysis
based on the symmetry considerations and isotropy sub-
groups approach revealed that the symmetry of the low
temperature magnetic structure can be described by the
intersection of two isotropy subgroups associated with ir-
reps of two primary OPs [ke]mD1 and [k3] mD1 which
give rise to a large magnetic unit cell of 2a x 12b x ¢
size. The experimentally observed propagation vectors
k; and k4 were found to be potentially involved in full
description of this magnetic structure as secondary OPs.
It can be understood in a way that not all the magnetic
distortions within the obtained magnetic unit cell can be
described by two primary OPs but the additional distor-
tion modes provided by irreps of the secondary OPs are
necessary. Our neutron diffraction data measured on the
single-crystal sample in external magnetic fields up to
120 kOe revealed a consistent and simultaneous suppres-
sion of all observed antiferromagnetic satellites. This is
in agreement with the model of coupled OPs rather than
magnetic phase separation.

Such a complex magnetic phase diagram may give rise
to the anomaly around 7; ~ 50 K observed on the tem-
perature dependence of the electrical resistivity along the
¢ crystallographic axis. The electrical conductivity of
the antiferromagnetically ordered compound can be de-
scribed as 05 = 1/pij = 07 (1 = 9) [61], where o} is the
conductivity of the metal with non-deformed Fermi sur-
face, 6 = I'm is proportional to the width of the energy
gap at the new zone boundaries, m is normalized mag-
netization and I" depends on the exchange integral be-
tween the conduction electrons and localized f-electrons.
T" includes the contributions from all new magnetic su-
perzone boundaries cutting the Fermi surface of an an-
tiferromagnetically ordered metal. In the general case, §
is a tensor and can cause an additional contribution to
the anisotropy of the resistivity of the antiferromagnetic

metal. The change of § on cooling below the Néel tem-
perature and below temperature of the magnetic phase
transition from the incommensurate magnetic structure
to the low temperature multi-component magnetic state
described by a combination of ki, ks, k3 and k4 can
substantially affect electrical resistivity p (T'). Applica-
tion of external magnetic field along the main crystal-
lographic directions triggers metamagnetic phase transi-
tions to the forced ferromagnetic state and changes the
value of 0 giving rise to the substantial magnetoresis-
tance effect (Ap/p =~ —54% at T = 1.5 K for field along
the ¢ axis). The metamagnetic transitions observed be-
low 8 K in a geometry with an external magnetic field
applied along the ¢ crystallographic axis and below 3 K
in a geometry with a field applied along the b crystallo-
graphic axis are of particular interest since they lock the
sample into a metastable ferromagnetic state. This tran-
sition is accompanied by an irreversible drop of the mag-
netoresistance Ap/p vs H. The metastable ferromag-
netic state is preserved after removing the external field
and one has to apply a negative magnetic field to push
the sample back to the antiferromagnetic state, as it was
evidenced by our magnetization measurements, magne-
toresistance data, and neutron diffraction. Appearance
of the metastable ferromagnetic state can be ascribed
to the presence of a local minimum in the free energy
and a low energy barrier between antiferromagnetic and
forced ferromagnetic states. Magnetoelastic interactions
along with the strong magnetocrystalline anisotropy and
competing exchange interactions seem to be crucial for
stabilizing the forced ferromagnetic state after removal
of an external magnetic field [62]. Tt is worth to men-
tion, that irreversibilities in the magnetization behavior
and the formation of metastable field-induced states were
observed in other R3T type compounds (Dys;Co [63],
Ho3Co [27]) as well as in some other highly-anisotropic
antiferromagnets [64, 65].

In summary, we presented a comprehensive study of
the magnetic phase diagrams, low temperature magnetic
structures and field effect on electrotransport properties
of the ThsNi single crystal and powder samples. The in-
commensurate magnetic structure of a SDW type emerg-



ing just below Néel temperature has been revealed in
ThbsNi by the Rietveld refinement of the neutron powder
diffraction data using the magnetic superspace groups ap-
proach. Low temperature magnetic structure was found
to be commensurate exhibiting large magnetic unit cell
2a x 12b x ¢ that is described by the irreps of two coupled
primary OPs [ky]mD1 and [ks]mD1 and involves the
irreps of the propagation vectors k; and k4 as secondary
OPs. Such a complex magnetic phase diagram gives rise
to the anomaly around 7; ~ 50 K observed on the tem-
perature dependence of the electrical resistivity along
the c crystallographic axis. Particularly, the formation
of energy gaps on magnetic superzone boundaries, i.e.
the magnetic superzone effect, can provide an additional
contribution to the electrical resistivity in the antiferro-
magnetic systems. Application of an external magnetic
field was found to suppress the complex low temperature
antiferromagnetic states in ThsNi and induce metamag-
netic transitions to the forced ferromagnetic state that
are accompanied by a substantial magnetoresistance ef-
fect. The forced ferromagnetic state induced after ap-
plication of an external magnetic field along the b and ¢
crystallographic axes was found to be irreversible below
3 K and 8 K, respectively. The exponential law of the
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hysteresis loop width AH(T) was observed in an exter-
nal magnetic field applied along the ¢ axis of the ThsNi
single crystal sample. The magnetic phase diagrams for
three different geometries of the single crystal sample in
an external magnetic field have been deduced.
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