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We report high-resolution dilatometry studies on single crystals of the Shastry-Sutherland-lattice magnet NdB,
supported by specific heat and magnetometry data. Our dilatometric studies evidence pronounced anomalies
at the phase boundaries, which imply strong magnetoelastic coupling. The evolution of the three zero-field
phase transitions separating distinct antiferromagnetic phases at Ty = 17.2 K, Ti;r = 6.8 K, and T;r = 4.8 K
can thus be traced in applied magnetic fields, which provides the magnetic phase diagrams for B || ¢ up to
15 T and for B || [110] up to 35 T. In-field phases are discovered for both field directions and already known
phases are confirmed. In particular, phase boundaries between different phases are unambiguously shown by
sign changes of observed anomalies and corresponding changes in uniaxial pressure effects. For B||c, we find
a 1/4-magnetization plateau in addition to a previously reported plateau at 1/5 of the saturation magnetization.
Ty increases for B || ¢ in fields up to 15 T implying that magnetic moments of the all-in/all-out structure in the
high-temperature AFM ordered phase are driven towards the ¢ axis in high magnetic fields. Uniaxial pressure
dependencies 97 /dp. of the phase transition temperatures for magnetic fields and pressure applied along the

¢ axis are derived from the data.
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I. INTRODUCTION

Geometric frustration can lead to the suppression or even
complete inhibition of long-range magnetic order, which in
turn is associated with a macroscopic degeneracy of ground
states. If long-range order evolves, the competing interac-
tions often yield complex phase diagrams with energetically
similar spin configurations [1]. Prominent examples of geo-
metrically frustrated lattices are the triangular, kagome, and
pyrochlore lattices [2-10]. The rare-earth tetraboride (RByg;
R = rare-earth ion) family has its rare-earth ions arranged on
the geometrically frustrated Shastry-Sutherland lattice (SSL)
[11,12]. As a consequence, many RB4 compounds show a
number of competing phases at low temperatures [12]. A
seemingly generic feature in the RBs compounds, which
raised considerable interest, is the appearance of fractional
magnetization plateaus as seen in NdBy4 [13], TbB,4 [14,15],
HoBy4 [16], ErB4 [16,17], and TmB,4 [18-20]. While many
frustrated systems realize quantum magnets, rare-earth ions
exhibit large magnetic moments, which makes rare-earth com-
pounds prime systems for investigating frustrated behavior in
the classical limit. Like all other RB4 compounds with triva-
lent rare-earth ions, NdB4, which is reported here, is metallic
[21,22].
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NdBy crystallizes in a tetragonal structure belonging to the
D3, -P4/mbm space group [23]. This structure can be viewed
as comprised of a boron and a neodymium sublattice. The
boron atoms form chains of octahedra along the ¢ direction,
which are connected by two additional boron atoms and form
rings in the ab plane. The neodymium ions are situated above
and below the centers of the boron rings, forming the SSL
in the ab plane. The magnetic behavior of NdB4 is due to
the Nd** ions with the electron configuration 4f> realized
in the *Io ,2 ground state. Previous reports have shown three
successive phase transitions in zero magnetic field at 17.2,
6.8, and 4.8 K, from the paramagnetic high-temperature phase
into a commensurate antiferromagnetic (CAFM) phase, an
incommensurate AFM phase [referred to as intermediate-
temperature (IT) phase here] and a low-temperature (LT)
AFM phase, respectively [13,24,25]. The cAFM phase ex-
hibits an all-in magnetic structure in the ab plane with the
magnetic moments slightly tilted towards the ¢ direction; the
tilts alternate in opposite direction on neighboring sites [26].
The electronic ground state consists of two Kramers doublets
forming a pseudoquartet [27]. It has been suggested that the
orbital degrees of freedom contribute to the phase transition
at 4.8 K, which might lead to the formation of an orbitally
ordered ground state [25].

The effect of long-range magnetic order on the NdB4
lattice is studied by capacitance dilatometry at temperatures
between 1.3 and 300 K and in magnetic fields up to 35 T
along the [110] direction of the crystal and up to 15 T
along the c¢ direction. Pronounced thermal expansion and
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magnetostriction anomalies signal the phase boundaries and
allow the construction of the magnetic phase diagrams. The
unprecedented resolution of capacitance dilatometry enables
us to confirm phase boundaries in fields up to 10 T from
previous publications [13,24] as well as to uncover a total of
seven as yet unreported phases both in low and high magnetic
fields. Magnetization and specific heat measurements support
the construction of the phase diagrams and enable us to quan-
tify uniaxial pressure effects.

II. EXPERIMENTAL METHODS

Single crystals of NdB; were grown by the optical
floating-zone technique as reported in detail in Ref. [22].
The relative length changes dL;/L; along the crystallographic
[001] (¢ axis) and [110] directions (space group 127),
respectively, were studied on an oriented cuboid-shaped
single crystal of dimensions 1.476 x 1.478 x 1.880 mm?.
Measurements were performed in static magnetic fields up
to 15 T along the [001] direction and up to 35 T along
the [110] direction for varying temperature upon heating
and after cooling the sample in zero magnetic field (ZFC)
[thermal expansion, L(T, B = const.)] as well as for fixed
temperatures and varying magnetic fields [magnetostriction,
L(B,T = const.)]. The reference length against which the
changes in length were recorded was updated at the beginning
of each measurement. Thus the relative length changes
are to be understood with respect to the initial length at
the temperature and magnetic field values at which the
respective measurement started (the zero point is always at
the start of the measurement). Magnetic fields were always
applied along the measurement direction. The dilatometric
measurements were carried out using three-terminal
high-resolution capacitance dilatometers [28,29] and the
linear thermal expansion and magnetostriction coefficients,
o =1/L; x dL(T)/dT and X; = 1/L; x dL;(B)/dB, were
derived. Measurements in fields up to 15 T were done in a
home-built setup [30] in Heidelberg (KIP) while higher-field
studies were done in the high-field magnet laboratory
(HFML) in Nijmegen. Static magnetization M and magnetic
susceptibility x = M/B were studied up to 7 T in a magnetic
properties measurement system (Quantum Design MPMS3
SQUID magnetometer) and up to 14 T in a physical properties
measurement system (Quantum Design PPMS-14) using the
vibrating sample magnetometer (VSM) option. Specific heat
measurements were performed in PPMS using a relaxation
method.

III. RESULTS

Pronounced magnetoelastic coupling in NdBy yields clear
anomalies in the thermal expansion and specific heat at
the three successive phase transitions appearing at Ty =
17.2(1) K, Tir = 6.8(1) K, and Ty = 4.8(1) K in zero mag-
netic field [25]. The anomalies show a discontinuous character
at Tyr while both transitions at higher temperatures are contin-
uous. Due to their distinctive nature the phase boundaries can
be well traced to higher magnetic fields, where a number of
new phases have been found for both B || c and B L c.

o (105/K)
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FIG. 1. (a) Relative length changes and (b), (c¢) corresponding
thermal expansion coefficients for magnetic fields B || ¢ in selected
fields up to 5 T. (d) Thermal expansion coefficients for magnetic
fields B || ¢ in selected fields up to 15 T and temperatures be-
tween 15.5 and 18.5 K. The relative length changes at different
magnetic fields in (a) are shifted by the measured magnetostriction
at 14 K from O T to the respective field. Gray vertical lines for
the B =2 T data at different temperatures exemplify the measured
magnetostriction.

A.Blc

Thermal expansion data for selected magnetic fields B || ¢
up to 15 T are shown in Fig. 1. In zero field, the above-
mentioned transitions are clearly visible. Application of a
magnetic field B || ¢ suppresses the transition temperatures Tyt
and Ty and the anomalies are no longer visible at 5 T and
above. In contrast, Ty remains largely field independent up to
5 T, but then noticeably increases in fields of 10 and 15 T [see
Fig. 1(d)]. Positive A-like anomalies in the thermal expansion
coefficient imply a positive uniaxial pressure dependence, i.e.,
dTn/9p. > 0. Details are summarized in Table I (row 1).
The continuous transition at 7jr features a negative uniaxial
pressure dependence, and Ty shifts to lower temperatures for
B > 0T. This also holds for Ty where, however, dTi;r/dp. >
0 is found. We also note that, in the paramagnetic phase at
T > T, our data indicate finite negative magnetostriction of
the ¢ axis for fields applied along the ¢ axis at least up to 50 K,
ie, (50K, 15T) ~ —1.2 x 107%/T (see Fig. S12 in the Sup-
plemental Material (SM) [31]). We attribute this behavior to
short-range correlations in this temperature regime [25].

The nature of the transitions as well as the sign of associ-
ated anomalies change in applied fields B || c. For example,
at 2.7 T a jump in the relative length changes around 4.5 K
[green circles in Fig. 1(a)] indicates that the transition now

224411-2



MAGNETIC PHASE DIAGRAM AND MAGNETOELASTIC ...

PHYSICAL REVIEW B 108, 224411 (2023)

TABLE 1. Summary of anomalies in the thermal expansion with B | ¢, including the nature of the phase boundary
[discontinuous/continuous (d/c)], the sign of uniaxial pressure dependencies, and the description of general effects when increasing B. In
the first and second column the anomalies are numbered in order of appearance and labeled according to the phase boundaries in Fig. 9.

# Boundary T(K) B(T) Type aT /dp. Behavior as B

1 PM-HT 17.2(1) (Ty) 0 c >0 shifts towards higher TforB || ¢ 2 6 T
2 HT-IT 6.8(1) (Tir) 0 c <0 suppressed in fields

2a HT-1II 4.5(1) 2.7 d <0 suppressed in fields

2b HT-1I 2.5(3) 3 d <0 broadened peak

3 IT-LT 4.8(1) (i) 0 d >0 suppressed in fields

4 LT-1 3.3(1) 1.5 d <0 transition into in-field phase

4a IT-1 3.7(1) 2 d <0 shifts to higher T’

4b II-11 3.5(1) 2.7 d <0 shifts to lower T

shows first-order character in contrast to a continuous be-
havior up to 2 T. This change in behavior corresponds to
a transition into a newly discovered low-temperature phase
[phase III in our phase diagram, see Fig. 9(a) below]. Slightly
increasing the field to 3 T leads to a suppression of the
transition towards lower temperatures and is accompanied by
a strong broadening of the peak in the thermal expansion
coefficient [purple data in Fig. 1(c)]. As further measurements
presented below show, this anomaly belongs to a transition
into another low-temperature in-field phase (phase II). We
also note an additional discontinuous transition appearing for
Bl ¢c=1.5T at3.3(1) K [#4 in Table I and phase bound-
ary I-IT in Fig. 9(a)]. A complete summary of the observed
anomalies and their main properties is presented in Table I.
Specific heat measurements up to 3.5 T, with B || ¢, confirm
the observed phase boundaries [Fig. 2(a)]. Note that first-
order phase transitions are hard to resolve with the relaxation
method and may thus not be visible in specific heat measure-
ments, whereas the thermal expansion measurements are well
suited to detect discontinuities and possess higher resolution.
In order to further illustrate magnetoelastic coupling in
NdBy, Fig. 3 shows the field dependence of the magnetization
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FIG. 2. Specific heat for (a) B || ¢ and (b) B L c. Data are offset
vertically by 6/7 J/(mol K) in (a)/(b), respectively.

and the magnetostriction upon increasing B up to 14 T, at
T =2 K. The data display several phase transitions driven
by the magnetic field, which are associated with anomalies
in both M and dL/L. Specifically, for B||c there are three
successive anomalies in the magnetostriction at B,y = 1.1 T,
B, =23 T, and By =3 T, respectively, all of which are
associated with jumplike increases in magnetization. The dis-
continuous character of the first two transitions is confirmed
by hysteretic behavior (see Fig. 4).

The anomaly at B.; indicates the previously observed ap-
pearance of a magnetization plateau at 1/5 of the saturation
magnetization and may be attributed to a three-up—two-down
phase [13]. At B¢y, we find an additional 1/4-magnetization

1.0r(a)

llc
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FIG. 3. (a) Magnetization M(B) and (b) magnetostriction
dLi(B)/Li, at T =2 K, for B || ¢ and B L c, respectively. All data
show upsweeps of B. Due to the inaccessibility of the saturation
magnetization M (B L c), the magnetization data have been nor-
malized to M (B||c = 14 T) for both field directions. Dashed lines
signal the 1/5- and 1/4-magnetization plateaus; vertical arrows show
corresponding anomalies in M and dL/L.
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FIG. 4. Comparison of (a) magnetostriction dL(B)/L and
(b) isothermal magnetization M (B) at temperatures from 2-4.7 K in
fields B || c up to 5 T. Field sweep directions are indicated by arrows.
Magnetostriction data are offset vertically by —1 x 1073, with up-
and downsweeps superimposed at 5 T. Magnetization data are offset
by —0.25 up/f.u.

plateau, which was not observed in the previously reported
data. By eventually signals the onset of the magnetically
polarized phase [13]. We, however, note that we find
MQ2K, 14T) = 1.70(5) up/f.u., which is only about 1/2
[52(2)%] of the full saturation moment for free Nd*>* ions.
One hence may speculate about the presence of an 1/2-
magnetization plateau in the accessible field region By < B <
14 T. Indeed, an extended 1/2 plateau is predicted by Monte
Carlo simulations on a Shastry-Sutherland lattice with multi-
fold long-range interactions [32]. If we would consider the
theoretical full moment and interpret the saturation regime
above Bg as a 1/2 plateau, the plateau values at B.; and B,
would then be about 1/8 and 1/10, respectively, instead of
1/4 and 1/5. However, in contrast to a 1/5 plateau, which
is directly attributed to the three-up—two-down configuration,
there is no such straightforward explanation of a hypotheti-
cal 1/10 plateau. In addition, in pulsed high-magnetic field
studies there is no significant further increase of M (B]|c) up
to 50 T [13] so that a hypothetical 1/2 plateau would have to
extend to fields above 50 T. In contrast to M (B||c), M(B L ¢)
has been found to steadily increase even at 50 T and a rough
extrapolation suggests that the theoretical fully saturated mag-
netization is reached only at B > 80 T.

To discuss the response of the lattice, at B.;, the discon-
tinuity in M is associated with a jumplike increase in length
along the ¢ axis when the 1/5 plateau phase evolves while
the ¢ axis discontinuously shrinks both at the appearance of
the 1/4 plateau phase at B, and at B;. The observed
signs of the magnetostriction anomalies imply that the 1/5
plateau phase will be suppressed by application of uniaxial
strain along the crystallographic ¢ direction as dBs/dp. and
0B /0p. are negative while 0B.;/dp. > 0. Quantitatively,
using [33]

0Bcr AL/L.

=V , 1
op. " TAM, ey

TABLE II. Calculated uniaxial pressure dependencies, at T =
2 K, of critical fields B, B.,, and B obtained by means of Eq. (1)
using the data in Fig. 3.

chl/apc
0.34(2) T/GPa

chZ/apc
—0.06(2) T/GPa

9Bs/dp.

—0.58(2) T/GPa

to determine the initial uniaxial pressure dependencies of the
various critical fields, the experimentally observed jumps in
magnetization and magnetostriction in Fig. 3 yield the uni-
axial pressure dependencies listed in Table II. Here, V,, =
3.22 x 1075 m? is the molar volume of NdB4 [22].

The evolution of the critical fields appearing for B||c, upon
heating up to 4.7 K, is shown in Fig. 4 [see also Fig. 9(a)
below]. The main findings are as follows: (i) B¢ shifts to
higher fields as the temperature is increased to 3.7 K and the
hysteresis becomes less pronounced. Upon further heating, the
jump vanishes and the anomaly appears more kinklike; no
hysteresis is observed anymore. Additionally, the transition
gets suppressed to lower fields with higher temperature; in
this regime, it corresponds to the phase boundary between the
low-temperature (LT) phase and the intermediate temperature
(IT) phase, which is of second order. (ii) B, is rather inde-
pendenton T < 3.5 K with diminishing but visible hysteresis.
For T 2 4 K, hysteresis vanishes and there is a clear positive
slope of B.i(T). (iii) No clear hysteresis is resolved at By;
the associated anomalies decrease in magnitude and get sup-
pressed to lower magnetic fields for higher temperatures. For
temperatures between 2 and 3.5 K we note a small additional
jump in the magnetostriction for downsweeps in succession of
the first large jump.

B. B | [110]

Measurements of the specific heat for B L cupto 5.5 T are
shown in Fig. 2(b). Three successive anomalies in zero field
correspond to the phase transitions at 7y, Tir, and Tir. Up
to 5.5 T all anomalies get slightly suppressed towards lower
temperatures, corresponding well to our thermal expansion
data for low magnetic fields along the [110] axis (see Figs. S1—
S3 in the Supplemental Material (SM) [31]).

Magnetostriction measurements along the [110] direction
with B || [110] show that the zero-field LT and IT phases do
not persist up to highest applied magnetic fields but, similar
to the case where the magnetic field was applied along the ¢
axis, new phases appear in field (Figs. 3, 5, and 6). At low
temperatures, two hysteretic discontinuous phase transitions
are revealed by jumps in L(B) at B,y =11.3 T (1.3 K) to
11.6 T 3 K) and at B, = 12.5 T (1.3 K) to 13.7 T (3 K),
as well as a continuous transition around 30 T (1.3 K) to
28.3 T (3 K) [Fig. 5(a); see also Fig. 9(c) below]. While B,
is barely visible in M(B), By is associated with a distinct
magnetization jump AM (see Fig. 3).

In the intermediate temperature phase (which, for B =0T,
appears at 4.8 K < T < 6.8 K), several transitions into differ-
ent phases are observed too as a magnetic field B || [110] is
applied. First, at low fields around 2 T the magnetostriction
data show a hysteretic anomaly, which is not visible in the
magnetization (Fig. 6). Increasing the field above 13 T reveals
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FIG. 5. Magnetostriction measurements for B || [110] up to 35 T
at selected temperatures. (a)-(b) Magnetostrictive relative length
changes, (c)—(e) magnetostriction coefficient in different field ranges
(upsweeps only). Data in (a) are offset by 10~ and by 7 x 10~ in
(b). Dashed lines show downsweeps as indicated by the arrows. Data
in (e) are offset by 8 x 1073 /T for clarity.

a first-order phase transition marked by jumps in L(B) and
M (B) [Figs. 5(b), 5(d), and 6]. Above 30 T an anomaly is
visible, which changes shape from a seemingly discontinu-
ous nature at 4.2 K to a more continuous behavior at 6.0 K
[Fig. 5(e)]. All measurements up to 6 K display a strongly
hysteretic behavior in the magnetostriction as the field is de-
creased from the highest fields to about 10 T [Figs. 5(a) and
5(b)]I.

The results from thermal expansion measurements for B ||
[110] up to 15 T are shown and described in detail in the
Supplemental Material (Figs. S1-S5) [31]). Together with
measurements of the static magnetic susceptibility in fields up
to 14 T [Fig. 7(a)] and their derivative in the form of Fisher’s
specific heat [34], d(xT)/9T, they fully confirm the findings
from the magnetostriction measurements.

Thermal expansion measurements between 15 T and 30 T
reveal two anomalies, which can be traced to the highest
measured fields (Fig. 8). At lower temperatures a jump in
L(T) clearly signals a discontinuous phase transition. This
transition shifts to higher temperatures and the corresponding
anomaly shrinks in magnitude as the field is increased to 24 T.
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FIG. 6. (a) Magnetic susceptibility dM/dB and (b) magnetostric-
tion coefficient Ajj1o) for B || [110] at selected temperatures below
Tx. Dashed vertical lines emphasize the co-occurrence of anomalies
in both quantities. Colored filled circles at 5.0-6.1 K data indicate an
additional anomaly, which is visible in A[;1o; but not in dM/9B. Data
in (a) are offset by 7.5 x 1072 /(T f.u.) and by 2 x 1073 /T in (b).

Above 24 T it changes sign, shifts back to lower temperatures,
and grows in magnitude. At 30 T this transition is not visible
anymore, at least down to 2.7 K. The second anomaly around
6 K (at 15 T) is visible as a kink in L(T'), signaling its contin-
uous nature. As the magnetic field is increased it continuously
shifts to lower temperatures. Noticeably, the measurements
at 18, 20, 22, and 24 T show a more jumplike behavior for
this transition. These differences and their dependence on the
sample history are discussed in the Supplemental Material
[31].

C. Phase diagrams

B || ¢: The phase diagram for magnetic fields up to 15 T
applied along the ¢ direction is shown in Figs. 9(a) and 9(b).
It has been constructed from the thermal expansion, magne-
tostriction and magnetization data presented above. A total of
seven distinct phases are found, i.e., one new phase (III) below
3 T was uncovered and phase II is confirmed with respect to
the previously reported phase diagrams [13,24].

The phase boundary, which is the highest in temperature,
i.e., In(B), separating the paramagnetic (PM) phase and the
HT phase, shifts to higher temperatures for higher fields
B || [001] in the field range under study. XA-like anomalies
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FIG. 7. (a) Static magnetic susceptibility x =M/B and
(b) Fisher’s specific heat d(x7T)/dT in magnetic fields B || [110]
between 1 and 14 T. Colored arrows indicate 7ir at the respective
applied field. The data in (b) are offset by 2.1 x 1072 erg/(G? mol).

at Tn(B) show the continuous nature of this transition. In
contrast to the HT phase, the intermediate-temperature phase
is suppressed in magnetic field. The change of the shape
of the corresponding anomaly at 2.7 T (Fig. 1) indicates a
change in the phase transition from a continuous to a dis-
continuous type. This change corresponds to the presence of
an additional phase, which we label phase III [dark yellow
in Fig. 9(a)]. Similar to the IT phase, the LT phase is also
suppressed as a magnetic field is applied. While the LT-IT
phase boundary shows a positive uniaxial pressure depen-
dence marked by positive jumps in the thermal expansion
coefficient, the IT-I transition exhibits a negative dependence
on p.. The same holds for the phase boundary between phases
II and III. All three aforementioned phase transitions (LT-IT,
IT-1, II-III) are of discontinuous nature, and the LT-I, I-II,
and II-HT transitions as well. Hysteresis at the LT-I and I-
I phase boundaries is shown as shaded areas in the phase
diagram. Both phase I and phase II correspond to the magnetic
field and temperature regime, where plateaus are observed
in the magnetization data. While phase I is characterized by
the 1/5 magnetization plateau as reported previously [13],
our data in addition show a 1/4 plateau in phase II (cf.
Fig. 3). Downward-pointing triangles in phase II correspond
to the additional jumps observed in the magnetostriction
data, which are assumed to rather belong to the HT-II phase
transition than indicating an additional phase boundary. For
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FIG. 8. (a) Relative length changes and (b) thermal expansion
coefficient at high magnetic fields B || [110] up to 30 T at tempera-
tures between 2 and 16 K. The insert in (b) shows a magnification of
the anomalies between 4 and 6 K.

fields above 3 T the HT phase prevails down to the lowest
measured temperatures.

B || [110]: Figure 9(c) shows the magnetic phase diagram
up to 35 T for fields applied along the [110] direction. It
was constructed from thermal expansion, magnetostriction,
and magnetization data. A total of ten phases has been
found, unveiling six phases in addition to those reported in
Refs. [13,24].

Starting at 7y = 17.2 K in zero field, the evolution of
magnetic order in the HT phase is strongly suppressed in fields
up to 14 T. The HT-PM phase boundary is of continuous
nature and exhibits a positive uniaxial pressure dependence
on ppjo (see the Supplemental Material, Figs. S2-S5 [31]).
The HT-IT phase boundary as well as the adjacent HT-
IV and HT-IV’ boundaries' are only weakly field-dependent
and mark continuous phase transitions. In contrast to the
HT-IV transition temperature, which exhibits a negative uni-
axial pressure (pijp) dependence, d7;/dp11o iS positive at
both the HT-IT and HT-IV' transitions. As will be further
discussed below, we hence consider IV and IV’ distinct

"We label an arbitrary phase boundary as 7;(B), respectively, B;(T)
with T;/B; the transition temperatures/fields separating the respective
phases.
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FIG. 9. Magnetic phase diagram of NdB, for (a) B || [001] at low temperatures up to 3.5 T, (b) B || [001] at the HT-PM phase transition
for fields up to 15 T, and (c) for B || [110] up to 35 T. Phase transitions derived from dilatometric measurements using temperature sweeps
[L(T)] and field sweeps [L(B) up- and downsweeps] as well as magnetization measurements [M(B) up/down sweeps; M (T ) taken upon
warming/cooling] are indicated by the different markers (see legends). Differently colored areas indicate the different phases as described in

the main text.

thermodynamic phases. All transition temperatures to the LT
phase (i.e., LT-IT, LT-IV, and LT-IV’) are suppressed in the
field. The LT-IT phase transition is of discontinuous nature,
with dTir/dp110 > 0. A positive pressure dependence is also
observed for the LT-IV phase boundary, which is of a con-
tinuous type (see the Supplemental Material, Figs. S2 and
S3 [31]). The boundary between phases IV’ and LT is of
discontinuous nature and exhibits negative uniaxial pressure
dependence, dTir.1v/dp110 < 0. The presence of a distinct
phase IV and the resulting presence of a phase boundary
between IV and IV’ is evidenced by the changes in sign and
behavior of the corresponding anomalies in L(7') as the mag-
netic field is increased. Notably, no anomalies are observed in
the magnetostriction data at the expected positions. Recalling
the Maxwell relation 1/L; x (dL;/d0B)r = —(dM/dp;)p this
observation indicates that the uniaxial pressure dependence of
the magnetization, dM /9 py19, does not significantly change at
the phase boundary. A summary of the different phase bound-
aries and their behavior under uniaxial pressure p || [110] is
given in Table III.

TABLE III. Summary of phase boundaries determined from
dilatometry studies along [110] with B || [110], including their uni-
axial pressure dependencies and nature [discontinuous/continuous

(d/o)l.

Phase boundary 0T%ric/ 9110 Type
LT-IT >0 d
LT-IV >0 ¢
LTIV <0 d
HT-IT >0 c
HT-IV <0 ¢
HT-IV' >0 c
HT-PM >0 c
VI-VII <0 d
VI-IV/ >0 d
VII-PM >0 ¢

Concerning the transitions driven by magnetic field at
the lowest temperatures, it is not completely clear from the
data whether phase V can be considered a proper thermody-
namic phase or only a hysteresis area between the LT phase
and phase VI. For fields B||[110] > 12 T, while the phase
boundaries are unambiguously derived from the experiments,
characteristics of the anomalies—whether they are continuous
or discontinuous or what kind of pressure dependence they
exhibit as well as their magnitude—vary strongly between
measurements with different setups, i.e., differing small but
finite pressure applied on the sample. We attribute this to an
interplay of domain effects, hysteresis, and the presence of
small but finite strain inevitably applied in capacitive dilatom-
etry, which is discussed in detail in the Supplemental Material
[31]. Hence, thermodynamic relations cannot be applied to
obtain, e.g., uniaxial pressure effects for these anomalies. The
positions of the anomalies, however, are consistent throughout
all measurements, which allows us to reliably construct the
phase diagram presented here even for highest fields. Note,
that the sign changes of the anomalies in L(7") separating
the phases VI/VI' from VII and the phases IV/IV’ from HT
have been obtained using a single setup and hence are not
affected by domain effects. The fact that the sign change in
0Tyi/vr-vii/dp11o corresponds with a sign change in the mag-
netization anomaly as evidenced by the slope of Ty vr-vii(B)
strongly corroborates the conclusion of two distinct phases VI
and VI

IV. DISCUSSION

The effect of uniaxial pressure on discontinuous phase
transitions is associated with the jumps in relative length
(AL/L) and in entropy (AS) at the phase boundary via the
Clausius-Clapeyron relation, which in the case of Tir(B)
reads:

oTir

o, ALir/L;
api '

ASir

©))

m
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TABLEIV. Relative length changes, jumps in magnetization, and
field dependence of the critical temperature at different magnetic
fields B || ¢ as well as (i) derived jumps in entropy and (ii) pressure
dependence of the ordering temperature for uniaxial pressure along
the crystallographic ¢ axis. The associated phase boundaries are
given in column 1.

Phase B I AM aT/0B  AS aT /dp.
bound. (T) (107%) (107°#£8) (K/T) (I/K) o)
ITLT 1 23@3)  1473) 030(8) 0.3(1) 0.25(4)
IT-I 2 =7(1) 24(2)  0.85(8) 0.16(3) —1.4(5)
- 25 —7.2(7)  44(2)  0208) 12(5) —0.19(10)

Due to general experimental uncertainties when measur-
ing specific heat anomalies at first-order phase transitions
by means of the relaxation method, we have determined the
entropy changes at 7yp(B||c) by exploiting the slope of the
phase boundary d71r/9B and the measured jumps in the mag-
netization: ASyt = (8Ti1/9B)~! x AMyr [35]. The resulting
entropy jumps and pressure dependencies at 1, 2, and 2.5 T as
determined from our data are summarized in Table I'V. Specif-
ically, these values characterize the pressure dependencies of
the IT-LT (1 T), IT-I (2 T), and II-11I (2.5 T) phase boundaries,
respectively. The latter two are negative, whereas the IT-LT
transition shows a positive dependence on pressure applied
along the c axis. We also note the much larger values for the
IT-I transition, which is one order of magnitude larger than the
other two, i.e., phase I is strongly suppressed by the uniaxial
pressure p || c.

The phase boundary 7Tn(B) between PM and HT phases
depends only very weakly on B || ¢ whereas it is strongly
suppressed by B || [110] (see Fig. 9). When associated with
a decrease of the magnetization as observed for B || [110],
long-range AFM order is indeed expected to be suppressed
in magnetic fields. Hence, the effect of B || [110] resembles
the typical behavior of an antiferromagnetic phase. This is
supported by neutron diffraction data, which suggest an all-
in/all-out arrangement of the spins for this phase [26,27].

Correspondingly, the constant behavior of Ty at low fields
B || ¢ agrees well to the fact that no anomalies had previ-
ously been observed in magnetic susceptibility measurements
[13,22,24] in this field range, which may be explained by the
easy magnetic axis being L ¢ or by easy-plane anisotropy in
the cAFM HT phase [26,27]. However, a small positive jump
in the derivative of our susceptibility measurements signals
the magnetic transition already at small field and this feature
becomes more pronounced for higher fields [Fig. 10(a)]. No-
tably, the anomaly signals larger magnetization in the ordered
phase as compared to the PM phase, which contradicts the
expectations for an ordinary AFM phase. In addition, 7Tx(B)
shifts to higher temperatures for B || ¢ 2 6 T. This again
clearly contradicts a simple AFM behavior and agrees to
the sign of the anomaly in M(T) as well as to the obser-
vation that the kink in the magnetization at Tx(B) becomes
more pronounced at 7 and 14 T [Fig. 10(b)]. Hence, both
the anomaly sign and the slope 97n/0B). > O of the phase
boundary clearly imply the evolution of an increasing in-
field ferromagnetic component in the HT spin structure for
Blcz6T.

4 —r‘stu T T T T T LU S B LA R
s — 1T Y « 9K
] (N 7T . . 14K
‘ . 175K 4 2

\"ﬁ.’\ r‘i’“""?_
OF " (@) BId (v)
12 16 20 240 2 4 6 8 1012
T (K) B (T)

FIG. 10. (a) Fisher’s specific heat at 1, 7, and 14 T with B || c.
Triangles indicate Tx(B). (b) Magnetic susceptbility 0M/0B at 9, 14,
17.5 K. Triangles indicate a change of behavior in M vs. B (see the
text).

((ny1) /97 01) ge/me

The data hence show gradual polarization of magnetic mo-
ments along the magnetic field direction as may be expected in
case of easy-plane anisotropy. Indeed, M (B) curves in the HT
phase [Fig. 10(b)] imply a quasilinear behavior at small fields
while the slope changes towards gradual right-bending indica-
tive of an increasing ferromagnetic moment before tending
to saturation. This behavior is similar as, e.g., observed for
weak ferromagnetic moments in Las;3Sr;,3NiO4 [36]. The
regime of increasing ferromagnetic moment is marked by the
shaded area in Fig. 11, which neighbors the region of the
phase diagram with 07y/0B > 0. Whether the increase of Ty
in magnetic fields is directly associated with the presence of
a small spin component of the AFM ordered moment along
the ¢ axis of about m. >~ 0.2 up [26] cannot be concluded
from our thermodynamic data. We, however, note the absence

15} Bjj[001]
HT
A10- (polarized)
=
m
5t
?
- e /
/mgt‘ﬁg‘
Lq_\!,m««d i»é -
0 v AT | .
5 10 15 .
T (K)

FIG. 11. Magnetic phase diagram of NdB4 for B || ¢ highlight-
ing the behavior in the HT phase. The bottom left part reproduces
Fig. 9(a). The grey shaded area is a guide to the eye marking the
regime of field-driven increase of a small ferromagnetic moment
(see the text); blue markers confining this region correspond to the
triangles in Fig. 10.
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of a potential jump in magnetization, which would reflect a
hypothetical spin flip of the small moments, as, e.g., observed
in BaCu,Si,0O7 [37]. The kink in dM/dB, which is, e.g.,
observed at 9 K and roughly 3 T [Fig. 10(a)], corroborates
the notion of a gradual change in the spin order rather than a
distinct phase boundary.

A further distinct feature of the phase diagram for B||[110]
in Fig. 9(c) is the change in slope between the ordered phases
and the PM phase at 6 K and 14 T. In this region, Tn(B) is
very flat and exhibits 07y/9B ~ —2.6(5) K/T. Extrapolating
the critical field to low temperatures would yield the critical
field B.(T = 0K) =~ 15 T. In contrast, the phase boundary
between the PM/HT phase and the sequence of field-induced
phases IT-IV-IV'-VII is steep as dB;/dT ~ —30(5) T/K at
B~ 14 T. We note, however, that the phase diagram for
B > 14 T has been constructed from dilatometric studies so
that potential phases, which are only very weakly affected by
uniaxial pressure might be missed (see Fig. S13 in the SM
[31]). For B < 14 T, our magnetization and specific heat data
exclude further phase boundaries. However, independent on
this possibility, the above-mentioned difference in the slopes
can be quantitatively evaluated using the Ehrenfest equation:

aT; AM'

—=-T——. 3)
0B Acp
Here, T; is the transition temperature, Ac, the associated
jump in specific heat, and AM’ = A(dM/3T) the associated
change in slope of magnetization. Employing a method of
equal-area construction to determine AM’ from the data [38],
Eq. (3) allows us to estimate the specific heat changes Ac,
at the phase transitions. At Tx(B = 13 T), we obtain Ac, ~
0.4(1) J/(mol K). This small value agrees to the assumption
that in high magnetic fields the onset of AF order does not
consume significant amounts of entropy. In contrast, we find
Acp ~ 9(2) J/(mol K) at the PM-VII phase boundary. No-
tably, this value is even slightly larger than Ac,(B=0T) =~
5(1) J/(mol K) determined by specific heat measurements
at Ty in zero magnetic field [25]. This result implies that
entropy changes at Tpyyyr are in stark contrast to the ones at

Tn(B =~ 13 T) and we conclude that additional degrees of free-
dom beyond spin are relevant. A candidate is orbital-related
entropy changes as orbital degrees of freedom are relevant in
NdBy [24,25,27].

V. CONCLUSIONS

High-capacitance dilatometry studies supported by specific
heat and magnetization measurements were used to construct
the magnetic phase diagrams of NdBy for B || c and B || [110].
In total, seven additional phases have been discovered and we
find a 1/4-magnetization plateau in addition to the known 1/5
one. Uniaxial pressure dependencies along the ¢ axis were
determined for the IT-LT, IT-1, and II-II phase boundaries.
For magnetic fields applied along the c¢ axis, the increase of
the critical temperature with increasing applied magnetic field
for the phase transition between the PM phase and the HT
AFM phase suggests that the magnetic moments of the all-
in/all-out spin structure of the AFM phase are driven towards
the ¢ axis with increasing magnetic field. The results show
that capacitance dilatometry is a state-of-the-art method to
map out phase diagrams not only due to its high resolution
but also because of its sensitivity towards type and sign of
the anomalies, which provides further information on phase
changes.
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