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Evidence for a coupled magnetic-crystallographic transition in Lay ¢Ce 1Fe ;B¢
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Competition between antiferromagnetic (AFM), paramagnetic (PM), and ferromagnetic (FM) states in
Lay¢CegFe;;B¢ compound is investigated by means of temperature- and magnetic field-dependent x-ray
diffraction, magnetization, linear thermal expansion, and magnetostriction experiments. It is shown that both
AFM and PM phases get converted into the FM phase via a first-order metamagnetic transition, which is
accompanied by a huge forced-volume magnetostriction AV/V (25K, 6 T) = 1.15%. X-ray powder diffraction
reveals a magnetic field-induced crystallographic phase transition from a R3m rhombohedral (AFM, PM) to a
C2/m monoclinic (FM) structure. A peculiarly anisotropic lattice expansion as well as giant negative thermal
expansion with a volumetric thermal expansion coefficient oy = —193 x 107° K~! are observed. These findings
point to the significance of magnetoelastic effects in this metamagnet and illustrate the strength of the coupling
between lattice and spin degrees of freedom in the Lag 9Ce, ;Fe ;B¢ intermetallic compound.
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I. INTRODUCTION

A large number of solid systems display structural phase
transitions when subject to changes in external applied
pressure, temperature, and chemical composition. However,
the occurrence of magnetic field-induced structure trans-
formations is rather exceptional and a few examples are
reported in the literature. An intensively investigated case
is the transition-metal chalcogenide MnAs which exhibits a
first-order structural transition from a hexagonal to an or-
thorhombic crystal symmetry upon heating through 313 K
(ferromagnetic ordering temperature) [1-3]. The structural
transition observed in this compound can be stimulated, at
a fixed temperature, by the application of an external mag-
netic field. For example at 327 K, the magnetic field required
to accomplish the structural phase transformation amounts
to 5.1 T (3.1 T) for increasing (decreasing) applied fields
[1-3]. A work by Asamitsu et al. [4], including striction,
x-ray powder diffraction, and resistivity studies as a func-
tion of both external field and temperature, has revealed
the existence of a magnetic field-induced structural phase
transition in the (La, Sr)MnO;3 series of magnetoresistive
compounds. The GdsGe, alloy has been widely investi-
gated due to a combination of intriguing physical phenomena
and potentially important functionalities, such as magnetore-
sistance, anisotropic magnetostrictive effect, unconventional
glasslike magnetic behavior, and unusual kinetic arrest of
the magnetostructural phase transformation [5-7]. The tem-
perature alone cannot trigger the ferromagnetic ordering in
GdsGe, intermetallic system, yet a magnetic field induces
the ferromagnetic phase through a first-order transition that
is coupled with a considerable reshuffling of the crystallo-
graphic structure of the compound [8]. The pseudobinary
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Gds(Si, Ge;_, )4 alloys within the concentration range 0.24 <
x < 0.5 are of particular interest; the crystallographic sym-
metry is no longer orthorhombic but monoclinic, giving rise
to a dramatic change in the magnetic behavior [9,10]. These
compounds undergo a field-induced magnetostructural transi-
tion from a high-temperature monoclinic (paramagnetic) to a
low-temperature orthorhombic (ferromagnetic) phase, which
is accompanied by large magnetoelastic and giant magne-
tocaloric effects [10,11]. Other systems, such as doped-CeFe,
[12], (Hf, Nb)Fe, [13], and FeRh [14-16] were found to
exhibit a first-order magnetostructural phase transition from
antiferromagnetic to ferromagnetic order. Currently, these dif-
ferent classes of materials featuring a strong coupling between
the magnetic and crystal lattices are of significant impor-
tance from the fundamental research side as well as from
the technological applications viewpoint. The understanding
of the interplay between magnetic and crystallographic struc-
tures is a crucial challenge in condensed-matter physics. Solid
systems with interconnected magnetic and structural degrees
of freedom often present multifunctional properties such as
giant magnetoresistance, colossal magnetostriction, and giant
magnetocaloric effect. These prominent magnetoresponsive
effects result from instabilities in crystallographic lattice and
magnetic order [9]. In other words, these emergent physi-
cal phenomena are particularly pronounced in the vicinity
of a magnetostructural phase transformation, which in turn
allows controlling the physical properties of the compound
via several types of externally applied driving forces. These
compounds constitute an exceptional playground for materials
physics owing to the extreme sensitivity of their physical
properties to moderate external stimuli.

Interestingly, unconventional multistep metamagnetic tran-
sitions were recently reported in (La, Ce)Fe ;B¢ series of
compounds [17-20]. These peculiar metamagnetic phase
transitions are featured by ultrasharp steps followed by
plateaus leading to an unusual and even unique staircaselike
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magnetization process. The antiferromagnetic itinerant-
electron compound LaFe ;B¢ occupies a special place among
rare-earth iron-rich intermetallics; it exhibits exotic magnetic
and physical properties. The unusual amplitude-modulated
spin configuration defined by a propagation vector k =
(1/4,1/4,1/4), remarkably weak Fe magnetic moment
(0.43 up) in the antiferromagnetic ground state, especially
low magnetic ordering temperature 7y = 36 K for an Fe-rich
phase, a multicritical point in the complex magnetic phase
diagram [17], both normal and inverse magnetocaloric effects
[21], colossal spontaneous magnetization jumps [19], and
huge hydrostatic pressure effects [22] can be highlighted as
the most relevant. These singular properties not only stimu-
late the development of theoretical models and experiments
under extreme conditions for a deeper understanding of the
striking phenomenology of this magnetic system [22-26], but
also emphasize the potential interest of LaFe ;B¢ material
for future low-temperature energy technologies. Among the
RT,B¢ family (where R stands for a rare-earth atom and T
is a 3d transition-metal element), LaFe ;B¢ is the sole stable
Fe-based phase of the 1:12:6 ternary system [25,26]. The
first Fe-based member of the R7},B¢ family to be identified,
NdFe ;B¢ is metastable [27]. On the other hand, the RCo,Bg¢
alloys are stable along the entire rare-earth series [28]. At
room temperature, the intermetallic compounds R77,Bg crys-
tallize in the rhombohedral SrNi;;Bg-type structure (space
group R3m) [29-31]. Within the unit cell, there are two
crystallographically inequivalent sites for 7" atoms (18g and
18h). The R and B atoms occupy the 3a and 184 Wyckoff
positions, respectively. The LaFe ;B¢ compound is unique
among the ternary system R7},B¢ in having an antiferromag-
netic ground state. The magnetic transition temperature of
LaFe ;B¢ is much smaller than the Curie point of the Co-
based RCo,B¢ ferro- (R =Y, La-Sm) or ferri- (R = Gd —
Tm) magnets (Tc = 134—162 K) [28] and an order of magni-
tude smaller compared to the magnetic ordering temperature
of any rare-earth iron-rich binary intermetallic. Extraordinary
magnetotransport effects have been most recently discovered
in RT},B¢ compounds [32].

In this paper we report a thorough experimental study
of the low-temperature first-order phase transition in
Lag9Cep 1Fe;2Bg model compound by combining magne-
tization, linear thermal expansion, magnetostriction, and
temperature- and magnetic field-dependent x-ray powder
diffraction measurements. It is thus shown that the meta-
magnetic transition in question takes place simultaneously
with a change of the crystal symmetry: a first-order structural
transformation to a different monoclinic phase. This coupled
magnetic-crystallographic phase transition is triggered by the
external applied magnetic field, resulting in large magnetoe-
lastic effects and therefore making this compound a potential
candidate for magnetostrictive materials.

II. EXPERIMENT DETAILS

The polycrystalline alloy of composition Lag ¢Ceq ;Fei,Bg
was prepared by arc melting the mixture of high-purity com-
ponents (better than 99.9%) under an atmosphere of argon. To
purify the argon atmosphere inside the arc melter, a piece of
titanium was melted in an adjacent recess of the water-cooled

copper hearth prior to the melting of the constituting elements.
To promote compositional homogeneity, the alloy was melted
several times with the button being flipped over after each
remelting. The so-obtained ingot was wrapped in tantalum
foil, sealed in an evacuated fused silica tube, and subsequently
annealed in a furnace as follows. It was heated up to 1173 K
at a rate of 5 K/min and kept at this temperature for 3 weeks.
The analysis of the phase purity and the room-temperature
crystallographic structure was carried out by standard x-ray
diffraction using a Siemens D5000 powder diffractometer in
reflection mode with the Bragg-Brentano geometry and Co-
Ko radiation (Axe1 = 1.78897 A and Akqo = 1.79285 A).

Magnetization curves were collected on a powder sam-
ple at temperatures ranging between 2 and 300 K with an
extraction-type magnetometer. Temperature and field depen-
dences of the magnetic moment were recorded in static
magnetic fields of up to 10.5 T. The magnetometer was de-
scribed in Ref. [33]. Magnetization values were corrected
for the presence of the minor ferromagnetic Fe,B secondary
phase.

Linear thermal expansion (LTE) and forced magnetostric-
tion measurements were undertaken on the magnetostriction
setup of the Néel Institut. This apparatus is based on a high-
sensitivity capacitance dilatometer that operates in a magnetic
field up to 6 T and over a temperature interval from 2.5 to
300 K. In terms of relative length variation, the sensitivity is
better than 1077, The capacitance cell can be rotated around
the vertical axis of the cryostat while the external magnetic
field is applied along a fixed horizontal direction. Magne-
tostriction isotherms were recorded in both directions parallel
and perpendicular to the applied magnetic field. For LTE and
magnetostriction experiments, the polycrystal was first sub-
ject to mechanical shaping (roughly shaped into sphere) by
grinding off sharp corners. Thereupon, it was run for several
hours by a jet of compressed air inside a cylinder lined with
fine sandpaper, until it became visually spherical. The poly-
crystalline sample was approximately a sphere of about 5 mm
diameter. The LTE data were corrected for the cell thermal
hysteresis.

Temperature- and magnetic field-dependent x-ray powder
diffraction data were collected on a custom-built diffractome-
ter in transmission geometry using Mo-Ko radiation (Agy; =
0.70932 A and Age = 0.71340 A) with an angular 26 range
from 7° to 57° and a scan step of 0.009°. Lag¢Ce Fe2Bg
fine powder (particle size smaller than 20 pwm) was uni-
formly mixed with a NIST standard reference Si powder
640d and then glued onto a carbon foil. The sample was
dried in air. The carbon foil was mounted on a copper cold
finger—serving as a sample holder—of a closed-cycle helium
cryofurnace and transferred into a split-coil superconducting
magnet that produces a homogeneous magnetic field of up
to 5.5 T around the sample position with the magnetic field
vector perpendicular to the scattering plane. A detailed de-
scription of the laboratory-based x-ray powder diffractometer
can be found in Ref. [34]. Zero-field cooled warming (ZFCW)
and field cooled cooling (FCC) experimental procedures were
employed for thermodiffraction measurements under various
applied magnetic fields (isofield measurements). For ZFCW
protocol, the sample is first cooled in zero magnetic field
from room temperature down to the lowest measurement
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FIG. 1. Thermomagnetic curves of Laj¢Ceq ;Fe|,Bg in magnetic
fields of 0.75, 3.5, 7, and 10 T. Both ZFCW and FCC data are
marked by the same symbols. The arrows indicate the direction of
the temperature change.

temperature; then, the magnetic field is applied after reach-
ing thermal equilibrium, and diffraction patterns are recorded
upon heating. The ZFCW data collection is immediately
followed by cooling under the same applied magnetic field
(FCC). Prior to the magnetic field-dependent diffraction mea-
surements (isothermal measurements), the sample was cooled
from room temperature to the temperature of the measure-
ment with no magnetic field applied. For both isofield and
isothermal measurements, the temperature of the sample was
stabilized for ~10 min before diffraction data acquisition.
Rietveld analyses of the diffraction patterns were carried out
using the FULLPROF suite software package [35]. The unit-cell
parameters and phase quantities, when two distinct crystal-
lographic phases coexist in certain combinations of magnetic
field and temperature, were determined. The sample employed
in the present study is the same as that used in Ref. [20].

III. RESULTS AND DISCUSSION

A. Magnetization

Figure 1 illustrates the thermomagnetic curves, M(T), of
Lag9Ce Fe2Bg in ZFCW and FCC measuring protocols at
different applied magnetic fields from 0.75 to 10 T. The low-
field magnetization curve (uoH = 0.75T) displays a small
broad peak around the Néel temperature 7y = 35K which
corresponds to an antiferromagnetic (AFM)—paramagnetic
(PM) phase transition. In magnetic fields of uoH =7 and
10 T at 2 K the alloy is already in the ferromagnetic (FM)
state, and therefore the M(T) measurements reflect only the
magnetic transition from FM order to PM state.

However, the magnetization shows considerably differ-
ent thermal variation when measured in 3.5-T external field
(Fig. 1). It exhibits a bell-shaped anomaly with a pro-
nounced divergence between ZFCW and FCC data. The steep
rise in the magnetization by 650%, when temperature is
increased by 5 K, indicates a sudden development of a high-
magnetization phase stimulated by temperature change in an

applied field of 3.5 T, whereas in 0.75 T Lag¢Ce Fe 2B¢
compound remains in a low-magnetization state. The spec-
tacular increase of magnetization on the low-temperature
side of the 3.5-T ZFCW curve is associated with the onset
of ferromagnetic ordering. Throughout this phase transfor-
mation, both magnetically ordered phases, AFM and FM,
coexist in Lag¢Ceq Fe ,Bg, hence forming a magnetically
heterogeneous state or magnetic-phase-segregated state in a
chemically homogeneous compound. The bell-like feature
correlates with the existence of both low-temperature AFM-
FM and high-temperature FM-PM magnetic transitions. The
intermetallic compound Lag¢Ceq Fe;Bg transforms only
partially into the FM state when cooled in a 3.5-T external
magnetic field. This can be seen in Fig. 1 from the intermedi-
ate magnetization plateau value of about 14 g /f.u. During
cooling, the magnetization increases as the temperature is
lowered and then saturates, demonstrating that the magnetic
transformation in Lag¢Ceg Fej2Bg depends on the direction
of the temperature change. Furthermore, the maximum value
of magnetization in the 3.5-T isofield curve is smaller for the
FCC branch than for the ZFCW leg. This aspect is rather
unusual for standard ferromagnetic materials in an external
magnetic field as high as 3.5 T. A similar bell-like behavior
was reported for LaFe ;B¢ in the magnetic field interval from
475 to 7 T [17]. Another noteworthy experimental observa-
tion in the thermomagnetic data of Fig. 1 is the large thermal
hysteresis near the Curie point, which bears witness to the
first-order character of the magnetic phase transition.

The isothermal magnetization curves, M(H), of
LagoCey Fe2Bg at different fixed temperatures are displayed
in Fig. 2. For each isotherm, the applied magnetic field was
cycled twice between 0 and the maximum attainable value
of 10.5 T (measurements for the second field reduction
are not presented in Fig. 2 for the sake of clarity). Only a
selection of the results of the measurements performed at
some chosen representative temperatures in the different
magnetic states are shown in Fig. 2 (but all of the collected
magnetization data were used to construct the magnetic phase
diagram depicted in Fig. 14). Each magnetization isotherm
starts from the virgin state after zero magnetic field cooling
from the paramagnetic region. Figure 2(a) illustrates the data
at temperatures of 2 and 10 K, and Fig. 2(b) represents the
isotherms taken at temperatures ranging between 20 and 65 K.
The first magnetization curves (virgin curves) display a
magnetic field-induced metamagnetic transition between the
AFM ground state and the FM state below 7y and from the
PM into FM states above Ty. This observed metamagnetic
transition proceeds through a gradual transformation of
the PM or AFM phases into FM domains with increasing
magnetic field. The magnetization isotherms show a very
large magnetic hysteresis, confirming the first-order nature of
the metamagnetic phase transition. The width of the hysteresis
amounts to 3.5 T at 10 K and progressively decreases with
increasing temperature.

As can be seen from Fig. 2, during the first application
of the magnetic field, at 2 K the magnetization exhibits
two sharp steps (at poHe) = 4.4T and poHyr = 7.1 7T) fol-
lowed by plateaus, indicating a staircaselike metamagnetic
transition similar to that evidenced in the parent compound
LaFe|,Bg. This avalanchelike magnetization process arises
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FIG. 2. Isothermal magnetization curves of LayyCe Fe 2B at (a) 2 and 10 K, and (b) 20, 35, and 65 K.

from transformation of fraction of the specimen volume from
the AFM state into the FM state. The first magnetization
plateau observed at 2 K in Fig. 2 represents a magnetically
heterogeneous state corresponding to a mixture of the field-
driven FM and original AFM phases (phase separated into
AFM and FM domains). During the first step the total mag-
netic moment of the compound spontaneously increases from
1.15 to 15.59 ug/f.u. At the second metamagnetic jump it
changes from 15.78 ug/f.u. to the saturation moment of the
fully FM polarized state, 18.22 ug/f.u. In Lag9Ceq 1Fe;,Bg,
the ultrasharp magnetization jumps are only seen in the virgin
magnetization curve and are absent in the subsequent enve-
lope. The multiple abrupt steps are restricted to very low
temperatures and disappear at 8 K where the magnetization
process becomes smooth.

During the second magnetic field increase in the tem-
perature range between 2 and 25 K, the curve presents
a conventional ferromagneticlike magnetization process and
practically coincides with the first demagnetization loop. The
first-order AFM-FM transformation is fully irreversible in
this temperature region, i.e., after the applied field is re-
moved, almost 100% of the Lagy¢Ce Fe|2B¢ alloy remains
in the induced-FM state. In contrast, when the temperature
is increased above 25 K and below 55 K, the shape of the
M(H) curves during the second increase of the external field
from 0 to 10.5 T is even more complex and quite unusual
when compared to the behavior observed below 25 K. The
magnetization shows a ferromagneticlike dependence (see the
low magnetic field portion at 35 K) followed by a meta-
magnetic phase transformation. From ~25 to ~55 K, the
magnetic field-induced AFM-FM and PM-FM transitions are
partially reversible; a fraction of the sample volume recov-
ers the initial AFM or PM state when the magnetic field is
brought back to zero. Both reversible and irreversible tran-
sitions are present in the temperature interval between ~25
and ~55 K, and the fraction of the system, which undergoes
the irreversible transformation, decreases with temperature.
Beyond 55 K, the PM-FM metamagnetic transition becomes

completely reversible, but accompanied with a magnetic
hysteresis.

B. Thermal expansion and magnetostriction

Lag9Ce 1Fe2Bg exhibits successive magnetic transfor-
mations and a remarkable metamagnetic transition which is
characterized by an enormous magnetization variation and a
huge hysteresis. Consequently, Lag 9Ceq 1Fe|2Bg is expected
to display large magnetovolume effects across the mag-
netic transitions. To explore more profoundly the nature of
this unusual magnetic behavior (first-order character of the
AFM-FM and FM-PM transitions), LTE (AL/L) was mea-
sured in various applied magnetic fields following the same
experimental procedure as in the temperature dependence
of the magnetization described above. The obtained results
are presented in Fig. 3. An anomaly is found at ~33K in
the spontaneous (uoH = 0T) LTE curve; this value is in
good agreement with the Néel temperature deduced from
thermomagnetic measurements. No difference was detected
between the heating and cooling protocols. In zero magnetic
field, the compound expands upon heating (positive thermal
expansion) at temperatures exceeding 7n; however, below
the Néel temperature AL/L increases as the temperature is
lowered (negative thermal expansion, NTE). No significant
variation in AL/L was observed at Ty, suggesting weak mag-
netoelastic effects associated with the second-order AFM-PM
transition.

The LTE curve (uoH = 3 T) manifests a bell-like behav-
ior and magnetic events which are very much similar to the
phase transitions found in the isofield magnetization data.
Upon heating in a 3-T magnetic field, the zero-field cooled
sample displays a crossover from positive to negative thermal
expansion due to the AFM-FM and FM-PM transitions. Dur-
ing cooling (uoH = 3T), the lattice undergoes an expansion
and then AL/L saturates at low temperatures. Interestingly, a
sudden jump is detected in the 4-T LTE curve; AL/L varies
abruptly from 0.025 to 0.14% when the temperature changes
by only 0.1 K. This result reveals that at 4 T, the increase
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FIG. 3. Linear thermal expansion of Lay¢Ce ;Fe B¢ as a function of temperature recorded in magnetic fields of 0, 3,4, and 6 T.

in temperature triggers the AFM-FM magnetic phase trans-
formation at low temperatures. Like the magnetization, the
forced magnetostriction curves recorded in magnetic fields
woH = 3,4, and 6 T also show a pronounced splitting and
a huge thermal hysteresis of ~15 K between the ZFCW
and FCC modes. The large length variation and temperature
hysteresis indicate the existence of important structural ef-
fects across the first-order AFM-FM and FM-PM transitions.
In the 6-T ZFCW data, a NTE phenomenon is observed
over a temperature interval of AT~60 K yielding an average
linear thermal expansion coefficient oy, = (1/L)(AL/AT) =
—37 x 10°°K~". Such a large NTE coefficient compares well
with the value obtained for the itinerant-electron metamag-
netic compound LaFe;ysCoSi;s o = —26 x 10°K™' [36].
It is important to emphasize that the absolute value of ¢« for
Lag9Cey 1 Fe 2B is about 4 times larger than that of ZrW,Og,
ar = —9 x 10°K™!, which is currently used as commercial
NTE material [37].

To clarify the volume change by the metamagnetic phase
transition, longitudinal (AL/L;) and transverse (AL/L,)
magnetostriction isotherms were recorded. Using these data,
the volume magnetostriction (AV/V = AL/Ly +2AL/L,)
and the anisotropic magnetostriction (AL/Ly — AL/L, ) were
assessed. In Fig. 4(a) we present the forced-volume mag-
netostriction isotherms at various temperatures in the AFM
region. For all isotherms the sample was cooled in zero mag-
netic field. At 4 K in the field-increasing branch, a sharp
discontinuity of AV/V = 0.65% occurs at a certain critical
field uoH, = 4.2T. No anomaly is detected in the reverse
leg and AV/V keeps an almost constant value down to
the zero magnetic field point, i.e., the material remains in
the final deformation state. This demonstrates the fully irre-
versible nature of the phase transition at 4 K. This strong
magnetic field-induced irreversibility is an outstanding fea-

ture and consistent with the irreversibility observed in the
isothermal magnetization curves. The jump present in the
magnetostriction isotherm is similar to those seen in the vir-
gin magnetization loops and proves the strong correlation
between magnetic and elastic properties in Lag¢Ceq Fe ;B¢
intermetallic compound. A huge magnetic hysteresis is ev-
idenced, demonstrating that the phase transformation is of
first-order type in nature. The magnetostriction results clearly
attest that the metamagnetic phase transition is accompanied
by large magnetovolume effects. In other words the applied
magnetic field induces a transition from a low-volume, low-
magnetization phase to a high-volume, high-magnetization
phase. The thermal variation of the volume and anisotropic
magnetostriction at the maximum attainable field of 6 T is de-
picted in Fig. 4(b). In the present case a large anisotropic effect
is observed, i.e., the value of the longitudinal magnetostriction
is lower than that of the transverse one (AL/L, > AL/Ly).
The anisotropic magnetostriction is as large as (10K, 6T) =
—0.10%, but the magnetostriction isotherms are not satu-
rated even under 6 T. The maximum volume magnetostriction
associated with the AFM-FM transition is estimated to be
about AV/V(25K,6T) = 1.15%. When this latter value is
compared with the volume change calculated from LTE data
of Fig. 3, AV/V =3AL/L = 0.65%, one notices a signifi-
cant discrepancy between them. This large difference in the
observed relative volume variations, when taken into account
concurrently with the presence of a huge anisotropic magne-
tostriction, likely reflects the role of anisotropy in describing
the magnetoelastic effects of the compound. It is notewor-
thy that the relative volume change, AV/V(25K,6T) ~
1.15%, in LagoCeq Fe|;B¢ is comparable in magnitude
to the isotropic forced-volume magnetostriction due to the
metamagnetic transition in iron-rich itinerant-electron com-
pounds such as La(Fe,Al;_,)3 [38] and La(Fe,Si;_,)3 [39].
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FIG. 4. (a) Volume magnetostriction isotherms measured between 4 and 30 K. (b) Temperature dependence of the volume (AV/V =
AL/Ly +2AL/L,) and anisotropic (AL/L; — AL/L, ) magnetostriction measured for La, ¢Ce Fe ;B¢ at the maximum applied field of 6 T.

Indeed, Irisawa et al. [38] reported a value of AV/V = 1%
for La(Feg g7Alp.13)13. Volume changes of 0.9 and 1.5% were
obtained for La(Fe( g6Si0.14)13 and La(Fe( g3Sio.12)13, respec-
tively [39].

C. Temperature and magnetic field-dependent x-ray diffraction

The consistence found in the magnetostriction and magne-
tization data obviously reflects the strong coupling between
lattice and spin degrees of freedom in Lag¢Ceg Fe 2B¢. The
magnetostriction data suggest strong structural effects asso-
ciated with the magnetic transitions when the applied field
exceeds the critical value. Therefore, the crystal structure of
the field-induced FM phase cannot be inferred from zero
magnetic field diffraction spectra since the temperature alone
cannot trigger the transformation. Magnetic field-dependent
x-ray powder diffraction appears to be the viable option to
provide structural details at the atomic scale and to decipher
how a crystal lattice is responsible for a specified magnetic
behavior. In order to get a deeper insight into the nature of
the low-temperature transformation in this intriguing material
LagoCe 1Fei,Bg, x-ray diffraction measurements under ap-
plied magnetic fields were performed down to 15 K.

The diffraction patterns recorded in zero magnetic field
(nuoH = 0T) were identical in the temperature range from 300
to 15 K apart from an anisotropic shift of Bragg reflections
due to thermal expansion. According to the Rietveld analyses
the compound had the rhombohedral SrNi,B¢-type structure
(space group R3m) over the entire investigated temperature
range. The crystal symmetry is preserved down to 15 K,
i.e., the trigonal symmetry of the atomic arrangement is kept
unchanged. No indication of a temperature-induced structural
transition was detected down to the lowest temperature of
the x-ray diffraction experiment. The lattice parameters a and
¢, unit-cell volume V, and c¢/a ratio of the rhombohedral
cell are plotted against temperature in Fig. 5. The zero-field
thermodiffraction results reveal that both lattice constants
are anisotropically reduced upon cooling, thus leading to a
diminution in the cell volume. On the other hand, the c/a

ratio increases as the temperature is lowered. At temperatures
ranging from 300 to 125 K, the lattice constants vary linearly
and the calculated coefficients of linear thermal expansion
along the two principal crystallographic directions are o, =
14.30 x 10° K" and o, = 7.29 x 109 K~!. Along the a-axis
direction (in the basal plane) the thermal expansion is much
larger than that along the threefold symmetry axis c. The crys-
tallographic volume thermal expansion coefficient amounts to
ay = 36 x 10°K~!. Below 50 K, the unit-cell dimension a is
basically constant and therefore the LTE along this particular
crystallographic axis approaches zero, whereas the LTE along
the high-symmetry direction ¢ becomes almost negligible
only below 25 K. Even though the practically zero thermal
expansion found along the two principal crystallographic di-
rections at low temperatures is in agreement with the normal
phonon contribution becoming insignificant (consistent with
Griineisen’s law), the difference in the temperature at which
the LTE approaches zero is in accordance with the anisotropy
of the crystal lattice. No perceptible anomaly of thermal ex-
pansion is observed around 7y in the temperature dependence
of the unit-cell volume.

In order to examine the lattice response to the magnetic
transitions, x-ray diffraction diagrams were recorded at tem-
peratures ranging between 15 and 100 K in a constant applied
magnetic field. Diffractograms collected at 15 K in magnetic
fields of 0 and 5.5 T are plotted in Fig. 6(a). For clarity
reasons, only the angular 26 range 14°-30° is displayed.
From the visual inspection of the x-ray powder diffraction
patterns, it is readily apparent that there are big differences
between them. The diffraction profile is considerably altered
as the applied magnetic field increases (above 1.75 T) and
new Bragg reflections appear, indicating the occurrence of
a structural phase transition. At 5.5 T, these new diffraction
peaks become dominant and a coexistence of two crystal-
lographically different Lag9Ce Fe B¢ phases is observed,
consistent with the first-order character of the phase trans-
formation. The complete, fully refined x-ray spectra recorded
at 15 K in 0 and 5.5-T applied field are shown in Figs. 6(b)
and 6(c), respectively. As noted above, only the rhombohedral
phase (henceforth called the Rhom phase) with R3m space
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FIG. 5. Temperature dependence of the lattice parameters a and c, unit-cell volume V, and c¢/a ratio of the rhombohedral cell determined
from Rietveld refinement of x-ray powder diffraction patterns measured during cooling in uoH = 0T.

group is present at 0 T in the AFM state at 15 K. The new
Bragg lines seen in the diffraction pattern collected at 5.5 T
can be indexed in a monoclinic cell adopting the C2/m space
group (henceforth called the Mono phase). A good refine-
ment of the structure was achieved in C2/m symmetry group.
The Rietveld-refined structural parameters are summarized in
Table I. In the International Tables for Crystallography, all
of the listed maximal nonisomorphic subgroups for R3m are
trigonal except for one, which is the monoclinic space-group
symmetry C2/m. This crystal symmetry, C2/m, is used to
describe the lattice distortion and it fits very well the diffrac-
tion pattern shown in Fig. 6(c). Therefore, it is likely to be
the correct high magnetic field crystallographic structure of
the Lag9Ce Fe ;B compound. The threefold symmetry in
the ab basal plane is broken in the magnetic field-induced
state and such structural distortion lowers the lattice symmetry
from trigonal to monoclinic.

TABLE 1. Structural parameters of Lag¢Cey Fe;;B¢ obtained
from Rietveld refinement of the x-ray powder diffraction patterns
collected at T = 15K in magnetic field of 0 and 5.5 T. Crystal-
lographic space group, lattice parameters, and unit-cell volume are
indicated.

ISK ISK ISK

0T 55T 55T
Space group R-3m R-3m C/2m
a(A) 9.5901(4) 9.5827(5) 7.5758(6)
b(A) 9.5901(4) 9.5827(5) 9.7824(6)
cA) 7.5924(5) 7.5979(6) 5.9664(4)
B(©) 90 90 113.085(11)
V(A% 604.72(5) 604.23(44) 406.76(7)

Let us describe briefly the relationship between the rhom-
bohedral (in hexagonal setting) and monoclinic lattices. The
space-group symmetry C2/m is one of the maximal noniso-
morphic subgroups of the parent R3m crystal symmetry group
and the relation between the monoclinic unit cell and the
rhombohedral (hexagonal) unit cell is as follows:

-1/3 1 13
(@bc)riono = (@bC)gpom | 1/3 1 —1/3 1. (1)
—2/3 0 —1/3

The rhombohedral and monoclinic unit-cell volumes are
related in accordance with: Viyiono(C/2m) = 2/3Vrnom (R3m).
The observed crystal structure change to C2/m is induced
by magnetic field. Since C2/m is a subgroup of R3m the
first-order character of the transition is not obligatory and it
originates from the magnetic transition from AFM ground
state to field-induced FM state.

Considering that a different number of atoms are involved
in the two crystallographically distinct structures and in order
to compare directly their volumes, it is therefore necessary to
normalize the cell volumes to a formula unit. The temperature
dependence of the volume per chemical formula in an applied
magnetic field of 5.5 T is illustrated in Fig. 7 including the
values of the two crystal structures. In association with the
field-induced metamagnetic phase transition, the analysis of
the x-ray diffraction diagrams demonstrates that in 5.5 T
LagoCep 1Fe2Bg exhibits an incomplete crystallographic
transformation from a rhombohedral (AFM, PM) to a mon-
oclinic (FM) structure. The powder diffraction results reveal
the existence of a wide temperature interval of coexistence
of the monoclinic and rhombohedral lattices. At 15 K, an
applied magnetic field of 5.5 T is capable to induce ~90% of
the structural alteration, and the field-driven Rhom to Mono
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FIG. 6. (a) X-ray powder diffraction patterns collected at 15 K
(Ake1 = 0.70932 A and Ak,» = 0.71340 A) in magnetic fields of 0
and 5.5 T. Only the diffraction angle range from 14° to 30° is shown
to better illustrate development of phases with magnetic field. (b), (c)
Rietveld refinements of the x-ray diffraction pattern collected at 15 K
in magnetic field of uoH = 0T and puoH = 5.5T, respectively. The
observed (red dots), calculated (black lines) patterns are shown. The
blue line represents the difference I,ps—I.ac. The vertical bars (olive)
indicate positions of Bragg peaks for the different phases.

crystallographic phase transition is accompanied by unit-cell
volume change of 0.85%. At 70 K, the volume of the PM
(Rhom) phase is about 0.86% smaller than that of the forced
FM (Mono) phase. The volume changes at the first-order
AFM-FM and FM-PM magnetic transitions are nearly the
same. A symmetry-lowering crystallographic distortion takes
place at the magnetic transitions.
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FIG. 7. Temperature dependence of the cell volume per for-
mula unit for Laj¢Ceg Fe;»Bg (both rhombohedral and monoclinic
phases) determined from x-ray powder diffraction measurements
during heating and cooling in uoH = 5.5 T applied magnetic field.

The lattices parameters, a and ¢, of the rhombohedral
structure are plotted as a function of temperature in Fig. 8.
From these data, it is easy to see that the unit-cell expan-
sion in Lag 9Ce Fe 2B proves highly anisotropic: the lattice
expands in the basal plane while it shrinks along the three-
fold symmetry axis c. The results of Fig. 8 reveal another
interesting phenomenon, which is a large difference between
the thermal hysteresis region in the ab basal plane and that
along the ¢ axis. The lattice constant a is hysteretic in the
temperature range between ~30 and ~60 K, while hysteresis
along the high-symmetry direction ¢ persists up to ~75 K.
This direction dependence of the thermal hysteresis region
is consistent with the anisotropy of the rhombohedral lattice.
Figure 9 shows the thermal variation of the structural param-
eters of the monoclinic cell. It is remarkable that the lattice
constants a, b, and ¢, and the Bragg angle B first evolve slowly
at low temperatures and then exhibit very sharp changes at the
transition point. The variation in cell dimensions presents a
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FIG. 8. Temperature dependence of the lattice parameters a and
c of the rhombohedral cell determined from x-ray powder diffraction
measurements during heating and cooling in uoH = 5.5T applied
magnetic field.
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FIG. 9. Temperature dependence of the unit-cell dimensions a, b, and ¢, and Bragg angle § of the monoclinic phase determined from x-ray
powder diffraction measurements during heating and cooling in uoH = 5.5 T applied magnetic field.

strong anisotropy: in the vicinity of the magnetic transition
both lattice parameters, a and ¢, decrease while the cell pa-
rameter, b, increases upon heating. In addition, the structural
parameters of both Lay¢Ce Fe2B¢ polymorphs display a
large thermal hysteresis.

The variation of the concentration of the rhombohedral and
monoclinic phases with temperature during both heating and
cooling in magnetic fields of uoH = 2.5 and 5.5 T is reported
in Fig. 10. A temperature hysteresis of 20 K is noticeable
between the ZFCW and FCC data collected in 2.5 T. Upon
heating, the fraction of induced monoclinic phase in 2.5-T
applied field diminishes, amounting to less than 6% at 70
K. On decreasing the temperature, the transition in 2.5 T
is incomplete with approximately 54% of the rhombohedral
Lag9Ceg 1Fej2Bg converted into the monoclinic allotrope at
15 K. The system is partially transformed into the monoclinic
structure, and the latter becomes the majority component
(~90%) in the compound at 15 K and 5.5 T. The x-ray diffrac-
tion results clearly indicate that LayoCep Fe,B¢ presents
crystallographic inhomogeneity (structurally heterogeneous
state or coexistence of polymorphs) below T¢ on heating and
cooling in magnetic fields of 2.5 and 5.5 T. Beyond the Curie
point the sample recovers homogeneity and sets fully in the
rhombohedral crystallographic structure which is found at
room temperature. The ratio between the low- and high- mag-
netic field crystallographic structures correlates very well with
the percentage of the AFM, PM, and FM phases obtained from
magnetization in the same applied fields. The data presented
in Fig. 10 result from the competition between the growth
of the Rhom (AFM, PM) phase with increasing temperature
and the diminution of the Mono (FM) component. The ra-
tio and the stability of the two different LagoCeg Fej;Bg
polymorphs depends both on the strength of the applied mag-
netic field and the value of temperature, and the direction

of the temperature variation. The magnetically and struc-
turally heterogeneous states observed in Lag¢Ceq Fe2Bg
are very similar to those found in some intermetallic al-
loys such as Gds(Si,Ge;_,)4 [9,10,40-42], Si-doped CeFe,
[12], and MnAs [1,43] and also usually seen in the colossal
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FIG. 10. Temperature dependence of the phase fractions of both
rhombohedral and monoclinic crystal structures determined from
x-ray powder diffraction measurements during heating and cooling
in poH = 2.5 and 5.5 T applied magnetic fields.
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FIG. 11. Temperature dependence of the mean cell volume per
formula unit determined from x-ray powder diffraction measure-
ments during heating and cooling in poH = 2.5 and 5.5 T applied
magnetic fields.

magnetoresistive manganese-based perovskites, where they
are often called “phase-segregated states” [44,45].

The thermal dependence of the weighted mean cell vol-
ume in 2.5- and 5.5-T applied magnetic fields is illustrated
in Fig. 11. The weighted average volume undergoes a tran-
sition which is accompanied by a huge thermal hysteresis
indicating first-order nature of the phase transition. There is
a temperature interval in which the average volume shrinks
with increasing temperature; namely, NTE effect occurs over
this temperature range. Although the difference in volume
between the two polymorphs (monoclinic and rhombohedral
phases) is as large as 0.85%, the contraction of the mean
volume between 50 and 90 K is about 0.77% in 5.5-T mag-
netic field. The latter value compares well with the relative
volume change obtained macroscopically from dilatometric
LTE data AV/V =3AL/L = 0.65%, especially considering
anisotropic effects. LagoCeq Fe|2B¢ exhibits a prominent
NTE phenomenon over a temperature window of AT = 40K
with an average volumetric thermal expansion coefficient
ay = —193 x 10 K. This large NTE effect is generated by
the strong spin-lattice coupling. For comparison purposes it is
worth noting that the volume thermal expansion coefficient
reported for (Hf, Nb)Fe, [13] and (Hf, Ti)Fe, [46] is at least
an order of magnitude smaller than the value obtained here
for Lag9Ceg 1Fe2Bg. Our volumetric NTE coefficient com-
pares well with the giant negative thermal expansion observed
in (Hf, Ta)Fe, itinerant-electron metamagnets (oy = —164 x
10°K) [47,48] and is on the same order of magnitude as
the colossal NTE discovered in Mng¢gCoGe (ay = —423 x
10 K™") [49] and Big.gsLag osNiO3 (ay = —413 x 109K™)
[50].

To further elucidate the field-induced metamagnetic tran-
sition observed in the magnetization and magnetostriction
isotherms and in order to get a better understanding of the
correlations between the structural and magnetic properties
of LagoCey Fe|2Bg, the magnetic field dependence of the
crystallographic structure was also investigated at 15 K. For
this study, the sample was cooled in zero magnetic field down
to 15 K. After stabilization of the temperature, the external
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FIG. 12. Magnetic field dependence of the cell volume per chem-
ical formula for Lag ¢Ceq ;Fe,Bg at 15 K.

field was then raised at regular steps up to 5.5 T and x-
ray powder diffraction patterns collected at each field step.
At 15 K and puoH < 1.75T, the diffractograms of the zero-
field cooled Lag9Ceq 1Fe ,Bg reflect the pure rhombohedral
crystal structure. Even though, at all magnetic fields lower
than 1.75 T, only the rhombohedral polymorph is detected,
the Bragg peaks belonging to the monoclinic phase start to
appear at higher applied fields, with dramatic changes of the
diffractograms. When the Bragg reflections of the monoclinic
structure emerge, the intensities of the diffraction lines that
correspond to the rhombohedral phase are reduced.

The field dependences of the volume per chemical formula
at 15 K are displayed in Fig. 12. The Rietveld refinement
results reveal that the structure is described solely by the
R3m crystal symmetry group at low fields while at higher
magnetic fields (uoH > 1.75T) the x-ray diffraction profiles
can be well fitted only by including a monoclinic struc-
ture. The C2/m space-group symmetry is added to model
the high-field x-ray powder diffraction data. The volumes
for both Rhom (AFM) and Mono (FM) phases are nearly
field independent as illustrated in Fig. 12. The volume per
formula unit of the AFM phase is smaller than that of FM
phase. Our x-ray diffraction results reveal a change of the
crystal symmetry at the AFM-FM first-order transition, i.e.,
a coupled crystallographic-magnetic transformation from a
Rhom (AFM) to a Mono (FM) state. In Lay¢Ce 1Fe2Bg in-
termetallic compound the crystal and magnetic sublattices are
intimately coupled. Therefore, a modification of the magnetic
order results in a concomitant change in the crystal lattice. The
formation of the FM phase is accompanied by a symmetry-
lowering lattice distortion.

As a means to follow more precisely the phase transfor-
mation, we show in Fig. 13 the weighted mean volume (top
panel) and its relative change (bottom panel) at 15 K as a
function of magnetic field. Below 1.75 T, the weighted av-
erage volume is almost constant and then raises rapidly as the
compound undergoes a magnetic transition just above 1.75 T.
The magnetic field-induced metamagnetic transition is also
distinctly visible in the relative variation of the volume. The
relative change in the mean volume is negligible (approaches
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FIG. 13. Magnetic field dependence of the mean cell volume
per chemical formula (top) and relative volume change (bottom)
determined from x-ray powder diffraction measurements at 15 K.

zero) at low fields, i.e., very weak magnetoelastic effects are
detected in the AFM ground state below 1.75 T. The forced-
volume magnetostriction reaches a value of 0.83% at 5.5 T.
This value is reasonably consistent with the relative volume
change deduced from the 15 K dilatometric magnetostric-
tion isotherm AV/V (5.5T) =~ 1.05%, particularly taking into
account the anisotropic behavior. These experimental results
reveal that the observed field-induced first-order AFM-FM
transformation is concomitant with the symmetry-lowering
rhombohedral to monoclinic structural phase transition.

At the local scale the observed martensiticlike transforma-
tion should involve different variants as it is expected upon
lowering of the crystal symmetry. Due to the crystalline ori-
entation of the shearing-induced variants, several magnetic
domains are expected. Further studies enabling to identify
the different magnetic domains and crystal variant would be
interesting.

D. Discussion

The compilation of the experimental results of the magneti-
zation measurements and x-ray diffraction studies is presented
in the magnetic-field (uoH )-temperature (7) phase diagram
of Lag¢Cep Fe|2Bg intermetallic compound (Fig. 14). The
critical transition field of the downward-field scan of the meta-
magnetic transition, poHer down, 1S approximately zero at 35
K and increases monotonically upon heating. However, the
temperature dependence of the transition field obtained for the
ascending-field process, woHe,up, is nonmonotonic. Below 25
K poHer,up diminishes with increasing temperature while it
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FIG. 14. Magnetic and crystallographic phase diagram of
LagyCegFe;Bs. AFM, PM, and FM label different magnetic
phases, and Rhom and Mono denote different crystallographic struc-
tures, as defined throughout the text. The critical field for the upward
(toHer,up) and downward (poHer,qown) field variation as a function of
temperature. The critical field has been derived from the maximum
of the field derivative of the magnetization isotherms. The open
hexagons and closed stars stand for the transition field of the first- and
second-step transitions, respectively. The open triangles represent the
Néel temperature, 7x.

exhibits the inverse trend at temperatures exceeding 25 K. Be-
low 25 K, the critical field of the AFM-FM transition increases
upon cooling because of the enhancement of the negative
exchange interactions and the reduction of the thermal fluc-
tuations of the moments and elasticity of the crystal structure
in the AFM phase [17,20,51]. This results in the increase of
both the free-energy difference between the two magnetically
ordered AFM and FM states, and the critical magnetic field
required to complete the metamagnetic transition from one
phase to another. In the paramagnetic temperature region,
oHc, up evolves proportionally to the square of temperature
T? (T? dependence) at low temperatures and presents a T de-
pendence on the high-temperature side, in agreement with the
spin-fluctuation theory for itinerant-electron metamagnetic
systems [52-54]. It is worth to notice that the metamagnetic
transition in Lag¢Ceg 1Fe;;Bg extends over a wide tempera-
ture range including below and well beyond 7y. The Néel
temperature 7y (AFM-PM second-order phase transition) is
weakly sensitive to the applied magnetic field. Ty slightly
shifts to lower temperatures with increasing external field.
The characteristic features of this phase diagram are large
hysteresis associated with the magnetostructural transition in
the magnetic data and a negative shift of the Néel temperature
with applied magnetic field.

In addition to the three distinct magnetic phase regions—
AFM, FM, and PM-another salient feature of the present
phase diagram is the very low-temperature region, where the
intermetallic compound Laj 9Ce ;Fe ;B¢ may be in an AFM,
phase mixture AFM+FM, or FM state depending on the ther-
mal and magnetic history of the sample. For instance, when
the sample is cooled in zero magnetic field from room tem-
perature to 2 K and afterward magnetized by the application
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of a 4-T field, it will stay in the pure AFM ground state at
2 K and 4 T. When cooled from high temperatures down to
2 K in a 4-T magnetic field, the system will cross the onset
AFM-FM phase boundary and undergo a partial AFM —
FM order-order magnetic transformation; in such conditions
the compound will remain in the phase mixture (or phase-
segregated) AFM+FM state.

At this point, the issue of the origin of the ultrasharp mag-
netization jumps, also seen in the magnetostriction data, must
be taken into consideration. It is quite unambiguous that these
unusual and anomalous features observed in Lag ¢Ceq 1Fe2Bg
are not solely magnetic in origin. Our experimental find-
ings undoubtedly prove that they possess a contribution
from the strong spin-lattice coupling. Several interpretations
have been suggested for the avalanchelike transitions phe-
nomenon in intermetallic compounds and phase-separated
oxides (manganese-based perovskites); however, a scenario
based on the martensiticlike transition triggered by the ex-
ternal magnetic field appears to be the most prominent one
[55-57].

Let us depict the generation of field-induced staircase-
like transitions in the magnetization process within the
scope of such a martensiticlike transformation. The magnetic
ground state of Lag¢CepFe;;Bg is AFM with a rhombo-
hedral crystallographic structure. When a suitable magnetic
field is applied, the FM phase (monoclinic) begins to grow
inside the AFM matrix. The field-induced structural distor-
tion (martensiticlike transformation) between the monoclinic
and rhombohedral unit cells produces elastic strains at the
AFM/FM interfaces. With the application of magnetic field,
FM regions are likely to develop but the interfacial (marten-
sitic) constraints obstruct the growth of the FM domains. As
the external field is progressively raised, the driving force
acting on the spins raises as well. When the magnetic force is
strong enough to prevail over the elastic strain energy, the FM
component grows catastrophically, giving rise to extremely
sharp steps. These abrupt jumps can be considered as a burst-
like development of the FM component within the AFM
matrix. The magnetic field-induced lattice distortion which is
driven by magnetoelastic coupling is likely responsible for the
steplike metamagnetic transitions in this compound.

Similar sharp jumps and staircaselike transitions have been
recently observed in other metamagnets such as FeRh-based
systems [58—61]. Some authors attributed their origin to the
AFM-FM phase boundary motion that is pinned by defects or
inhibited by the stray field of the portions that have already
converted [58]; others proposed the combined effects of the
transition hysteresis and the temperature dependence of the
order parameter [59]. Instead, Uhlif er al. [61] suggested an
alternative mechanism driven by the stronger exchange cor-
relations of the long-range FM order compared to the AFM
state, i.e., the robustness of the FM exchange to local strain
and disorder when compared with the AFM exchange. This
should lead to residual FM domains at low temperatures that
serve as seeds for the first-order AFM to FM metamagnetic
phase transition.

IV. SUMMARY AND CONCLUSIONS

In summary, we have carried out a detailed investigation
of the magnetic, magnetoelastic, and structural properties of
LagoCeq 1Fe2Bg. We discovered that the first-order AFM-
FM transition occurs simultaneously with a crystallographic
transition from a rhombohedral to a monoclinic structure.
This field-induced symmetry-lowering structural distortion
is driven by magnetoelastic effects. The FM order sets in
the monoclinic crystal structure which can be described in
C2/m symmetry group, a subgroup of R3m, the space group
of the rhombohedral SrNi;;Bg-type crystallographic struc-
ture adopted by the AFM and PM phases. A huge volume
magnetostriction, AV/V = 1.15%, was observed across the
magnetic field-induced AFM-FM metamagnetic transition,
making this intermetallic compound a potential candidate for
magnetostrictive materials. Our experimental findings consti-
tute direct evidence of the strong coupling between magnetic
and crystallographic degrees of freedom in Lag 9Ceg Fe 2Bg
system.

In order to establish the magnetic structure of the FM
(monoclinic) phase and gain a deeper insight into the coupling
between crystal lattice and magnetism in this intermetal-
lic compound, neutron diffraction experiments in applied
magnetic fields and further theoretical investigations and elec-
tronic band-structure calculations are required.
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