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Combining different experimental techniques, investigations in hexagonal P63/mmc Er,Fe; show remarkable
magnetovolume anomalies below the Curie temperature, 7. The spontaneous magnetostriction reaches 1.6 x
10~2 at 5 K and falls to zero well above T¢, owing to short-range magnetic correlations. Moreover, Er,Fe,; exhibits
direct and inverse magnetocaloric effects (MCE) with moderate isothermal magnetic entropy A Sy, and adiabatic
temperature AT,q changes [ASy ~ —4.7 J(kgK)~!' and AT,y ~ 2.5 K near the T¢, and ASy ~ 1.3 J(kgK)™!
and AT,y ~ —0.6 K at 40 K for AH = 80 kOe, respectively, determined from magnetization measurements].
The existence of an inverse MCE seems to be related to a crystalline electric field-level crossover in the Er
sublattice and the ferrimagnetic arrangement between the magnetic moments of the Er and Fe sublattice. The
main trends found experimentally for the temperature dependence of ASy, and AT,y as well as for the atomic
magnetic moments are qualitatively well described considering a mean-field Hamiltonian that incorporates both
crystalline electric field and exchange interactions. A Sy, (7T") and AT,y (T) curves are essentially zero at ~150 K,
the temperature where the transition from direct to inverse MCE occurs. A possible interplay between the MCE

4

and the magnetovolume anomalies is also discussed.
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I. INTRODUCTION

In condensed matter physics, a rich diversity of mag-
netic phenomena, such as magnetovolume, magnetoresistance,
and magnetocaloric effect (MCE), which are exhibited by
rare-earth (R)/transition-metal (M) compounds (or R-M)
makes them very promising for basic studies as well as
for a large number of useful applications.'™ For example,
magnetic refrigeration, which could replace conventional gas
compression technology, is based on MCE, and the search for
new materials exhibiting this effect is a very attractive research
topic.>® Magnetocaloric materials must display large adiabatic
temperature (AT,g) and/or large isothermal magnetic entropy
(ASy) variations under an adiabatic magnetic field change.
It is noteworthy that the shape and behavior of the AS), or
A S,q curves can vary notoriously from one material to another,
depending on the character of the magnetic phase transition.
Three different shapes are usually found for ASy,(T") curves:
(i) a sharp and narrow peak near the critical transition
temperature, often associated with first-order magnetic phase
transitions;”® (ii) a caretlike shape characterized by a broad
peak related to second-order phase transitions or crystalline
electric field (CEF);>'° and (iii) a tablelike shape, ie., a
broad and flat peak of ASy(T), linked to multiple sequential
magnetic phase transitions.'""1?

During recent decades, increasing attention has been paid
to R-M materials, from hard and soft binary intermetallic
magnets to magnetic refrigeration.'>"!> Furthermore, R-M
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compounds (with M = Fe) may have different crystal
structures and magnetic behaviors, giving rise to diverse and
unique properties associated with magnetic ordering and the
existence of magnetovolume anomalies.>!®1

Among them, the Fe-rich R,Fe; family of compounds
is that with the highest Fe-content within the R-Fe phase
diagram.?® R,Fe;; is a well-suited system to study 3d
and 4 f magnetism and the interplay between them, as the
members of this family exhibit different ferro-, antiferro-,
ferri-, helimagnetism, and fan magnetic structures as well
as spin reorientation transitions, depending on the rare-earth
element.?2'"2% These R,Fe;; intermetallic compounds have
attracted considerable attention since the discovery in the
1990’s that interstitial C and N atoms provoke an increase
of the Curie temperature (7¢) and modify the character of
the magnetocrystalline anisotropy,”®?” making some of them
appropriate for use as permanent magnets.”® Nowadays, the
existence of complex magnetic behaviors, including spin
reorientations and first-order magnetic phase transitions, and
the moderate MCE exhibited by some compounds have
renewed the interest in these intermetallics.'”->42%-29-34

R,Fe |7 alloys crystallize in the rhombohedral space group
R3m with a ThyZn,;-type crystal structure for light R elements
(less than a half-full 4 f shell), and in the hexagonal space
group P63/mmc with a Th,Ni;-type crystal structure for
heavy R elements (more than a half-full 4 f shell). Those
compounds with R =Y, Gd, and Tb can crystallize in either
ThyZn ;7 or ThyNi;7-type crystal structures, depending on the
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annealing process.’>*° In the Th,Zn,;-type crystal structure,
the crystallographic sites for the iron atoms are 6c¢, 9d, 18f,
and 18h in the Wyckoff notation and the unique 6c site for the
rare earth atoms. For the ThyNi;7-type crystal structure, the Fe
atoms occupy the 4f, 6g, 12j, and 12k sites, while the R element
is located at two nonequivalent positions, 2b and 2d. In the
latter, case, the structure can be a disordered variant in which
the R atoms also occupy the 2c sites and the iron atoms occupy
the 4e sites.2>37*2 In addition, for R,Fe 7 alloys, the rare-earth
magnetic anisotropy is rather weak and the contributions of
the rare-earth atoms are not sufficiently strong to counteract
the iron sublattice anisotropy at room temperature, which
favors an easy plane magnetization. Recently, the body of
experimental data on R,Fe7 has been enriched with results
from a moderate MCE. Values of ASy; ~ —6 J(kgK)~! under
a magnetic field variation of AH = 50 kOe are found around
room temperature, for R = Pr or Nd compounds'>3%* and
pseudobinary alloys where two different R elements are
mixed.**** Since studies of the magnetocaloric response in
R,Fe; are scarce, we have performed a thorough investigation
into the heavy rare-earth Er, which is expected to show its
larger MCE around room temperature.

In this paper, we report the crystal and magnetic structures
of polycrystalline Er,Fe;; based on x-ray and neutron powder
diffraction data. In addition, the MCE and magnetovolume
anomalies exhibited by this alloy were studied by x-ray
powder diffraction under high pressure, dc magnetization,
and specific-heat measurements. This article is organized as
follows. Section II contains details concerning experimental
methods and analysis procedures. Section III is devoted to
give information on the Hamiltonian and the main interactions
considered in Er,Fe ;. The experimental and calculated results
for the physical properties and their discussion are presented
in Sec. IV, while Sec. V concludes the article.

II. EXPERIMENTAL SECTION AND ANALYSIS DETAILS
A. Synthesis of Er,Fe,;

The starting materials for the preparation of Er,Fe 7 as-cast
pellets consist of pieces of commercial Fe and Er elements
(Goodfellow 99.9% purity which, in the case of erbium, it
is relative to the rare-earth content)® that were mixed in the
nominal 2 : 17 molar ratio. Ingots of 4g were prepared by
the arc melting technique in an Ar atmosphere. The mixture
was remelted three times to ensure their homogeneity. An
excess of 5% Er was added to compensate for evaporation
losses during melting. Each specimen was wrapped in tantalum
foil and sealed under vacuum in a quartz ampoule and then
annealed for one week at 1373 K. The annealing was followed
by water quenching of the quartz ampoules immediately after
removal from the furnace. Some of the resulting material was
cut into pieces for magnetic and heat-capacity measurements.
The rest was manually pulverized with an agate mortar and
sieved (106 um) for powder diffraction experiments.

B. Structural characterization of Er,Fe;

The crystal structure and lattice parameters were stud-
ied by means of both x-ray (XRD) and neutron powder
diffractions. Room-temperature XRD studies were performed
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in a high-resolution powder diffractometer (Seifert model
XRD3000) operating in Bragg-Brentano geometry using Cu
K o1 radiation (A = 1.5406 A), with scans in 20 taken between
2° and 130° with A28 steps of 0.025° and counting times of
20 s per point. Two high-resolution neutron powder diffraction
patterns, at 7 =2 and 320 K, were collected on the D2B
two-axis powder diffractometer (ILL, Grenoble, France) using
a wavelength A of 1.59 A. Also, 1-h diffraction patterns at
selected temperatures between 5 and 325 K were collected for
magnetic refinements on the D1B high-flux two-axis power
diffractometer (ILL, Grenoble, France), with A = 2.52 A.
Additionally, 5-min neutron diffraction patterns were collected
on the same instrument in the temperature range from 5
to 850 K using a continuous and controlled heating rate of
1 K min~! to determine the temperature dependence of the
unit cell parameters. X-ray powder diffraction experiments
under hydrostatic pressure were carried out on the ID27
beamline (ESRF, Grenoble, France) with A = 0.3738 A.
Er,Fe;; powders were pressurized in a diamond anvil cell
at room temperature. Neon was used as pressure-transmitting
medium. A small ruby chip was placed in the sample chamber
for pressure calibration. The collecting time of each pattern
was ~1 min. Experimental raw data were reduced using
the FIT2D program to obtain one-dimensional diffraction
patterns.*® Analysis of the diffraction data, based on both Le
Bail and Rietveld methods, were carried out with the FULLPROF
suite package.*’

C. Magnetic characterization of Er,Fe;;

Magnetization measurements were carried out using a
Quantum Design PPMS-9 T platform with a vibrating sample
magnetometer option. The temperature dependence of the
magnetization M(7T) was measured under three different
values of the applied magnetic field, H = 50, 1, and 10 kOe.
Isothermal magnetization versus applied magnetic field curves
M (H) were collected from 2 to 350 K with 7 steps of 10 or 5 K
for temperatures far from or close to 7, respectively. For each
M(H) curve, the applied magnetic field was increased from O
to 80 kOe with steps of 0.5, 1, and 2 kOe. From M(H,T)
measurements, the isothermal magnetic entropy variation,
ASy(T,H), due to the change of the applied magnetic field
from an initial value H = 0 to a final value H was calculated
using the well-known Maxwell relation: !>

H
ASy(T,H) = f [%th)] dh. 1)
0 t =T

Calculations of ASj, at a given temperature were done by
a numerical approximation of Eq. (1) replacing the partial
derivative by finite differences and calculating the integral by
numerical methods, using the same procedure as described in
Ref. 15. The specific-heat C p(T') was measured by a relaxation
method in the 3-355 K temperature range under H = 0, 20,
50, and 80 kOe using a two-t model analysis. The total entropy
was calculated from Cp (T, H) measurements:

T
Stoa(T H) = / o H) g, %)

Ti—0 t
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Thus the magnetic entropy change was calculated as

ASM(T’H) = STotal(TyH) - STotal(T’O)~ (3)

The adiabatic temperature change AT, (T,H) was deter-
mined from the entropy-temperature diagram as the isentropic
distance between the the zero-field entropy curve and that
corresponding to H.*

III. MEAN-FIELD THEORY

The magnetic behavior of Er,Fe;; can be explained by
a two-sublattice local-moment model. The temperature de-
pendence of the 3d (Fe) and 4 f (Er**") magnetic moments,
M3, and My, respectively, was obtained in the framework
of mean-field (MF) theory following a previously explained
procedure.*” This allows us to approximate a many-body
problem with a single-ion effective problem.

First, the magnetic interactions within the Fe sublattice
were considered using a MF Heisenberg Hamiltonian (without
considering the crystal-electric-field, CEF, interaction) with
total spin angular momentum S = 1 for all Fe atoms. M3,
can be determined numerically using the well-known rela-
tion SBs(y) = (S), where By is the Brillouin function, and
the magnetization M3, can be written as Mz, = 2up(S) =
2uSBs(y), with y = 2“’]’68#, in which the molecular field is
H3y.30 = A34.30 M34. The value for the molecular-field constant
A3q.3¢ of ~1700 kOe ME], was estimated in order to have
a Curie temperature of 303 K for Er,Fe;;, according to the
experimental value obtained from the magnetization measure-
ments (see below). Because the CEF interaction is neglected,
simple expressions for the magnetic (M3,) and thermodynamic
quantities (A S3y and AT,g) can be determined.*® Second, the
two Er sites in Er,Fe;; were considered as equivalent with
respect to the value of their magnetic moments. The magnetism
of Er’* in Er,Fe;; can be understood from its Hund’s rule
ground state s /2 with total angular momentum J = 15/2.

Under the influence of a hexagonal CEF with local
symmetry Dg;, (z-quantization axis the ¢ axis), the Hamiltonian
is given by

Hcer = B§0§’+B§30§3+B§02+B§02, 4

where the O" and B/" are the Stevens operators and the
CEF parameters, respectively.”® The sixteen-fold degenerate
Hund’s rule ground state splits into eight doublets, with
CEF parameters BY = —1.65 K, BY = —8.66 x 1073 K,
B = —3.44 x 107 K, and B = —1.65 x 107> K. These
parameters were taken from the literature.’! As the ordered
magnetic moments M4y in Er,Fei; are induced by 3d-4f
exchange interactions, we combine the CEF Hamiltonian (4)
with a mean-field Hamiltonian describing the 3d-4 f exchange
coupling (the 4 f-4 f exchange interaction is expected to be
negligible compared to the 3d-4 f exchange interaction):

‘H = Hcer — Hzgap My, (5)

where the molecular field H3gr=2A34.4rM34 is due to the
3d-4 f exchange interaction, with A3z4, = —560 kOe 13" %2
In R-M intermetallic systems, it is well known that the indirect
exchange interaction between the 3d spins of the transition
elements and the 4 f spins of the R elements exhibits a parallel

coupling for light R elements, while for heavy R elements,
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this coupling is antiparallel.'* We obtain the MF eigenvectors
and eigenvalues of the Hamiltonian (5) for one Er** ion. At
a certain temperature, we start by considering the value of
M34, determined above, and an initial value for Mys. These
quantities are introduced in the MF Hamiltonian (5). Once
we get all the eigenvectors and eigenvalues, the new My,
is calculated. This process is repeated self-consistently until
convergence is reached. After the Hamiltonian is solved,”>? the
eigenvalues and eigenstates are used to calculate the partition
function from which the temperature dependence of My,
ASy, and AT,y were calculated using the expressions given
in Ref. 49.

In addition, it is generally accepted that the interplay of
the R and M sublattice magnetic anisotropies governs the
overall anisotropy in R-M compounds. According to crystal
field theory of R-M intermetallic compounds, a positive
second-order Stevens coefficient o of the Er** ion, combined
with a negative second-order crystal field coefficient V.,
results in a uniaxial anisotropy of the Er-sublattice, while the
anisotropy of the Fe-sublattice is planar.'3??%3* However, the
magnitude of the Bg coefficient of the Er sublattice is quite
small compared to that of the Fe sublattice. Thus the anisotropy
of the Fe sublattice dominates over the entire temperature range
below T¢, and, subsequently, the easy magnetization direction
of Er,Fey7 lies on the basal plane of the crystal structure.

IV. RESULTS AND DISCUSSION

A. Magnetic properties of Er,Fe;;

The temperature dependence of the magnetization, M(T)
curves, for different values of the applied magnetic field,
is shown in Fig. 1. From the M(T) curve measured under
low magnetic field of 50 Oe (see inset in Fig. 1), the Curie
temperature is estimated to be 7 =303 £ 1 K, in good
agreement with previously reported values.’>> In addition,
the magnetization displays a broad maximum around 150 K
for applied magnetic field values over 1 kOe, as is illustrated in
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FIG. 1. (Color online) Temperature dependence of the magneti-
zation, M(T) for Er,Fe;; under H = 1 and 10 kOe. (Inset) M(T)
curve at H = 50 Oe.
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FIG. 2. (Color online) Applied magnetic field dependence of the
magnetization in the temperature range where the M(T) curve at
H =10 kOe (see Fig. 1) increases with 7. (Inset) M(H) curves
between 200 and 390 K.

the M (T') measured under 10 kOe (see Fig. 1). In order to show
the magnetic field dependence of the magnetization, M(H), a
number of M (H) isotherms were measured (see Fig. 2). The
saturation magnetization Mg at T = 2 K was estimated from
a fit of the M(H) curve to the approach-to-saturation law:>’

b
M=Ms<1—ﬁ)+XoH- (6)

The obtained M value of 73 £ 1 emu ~'g (16 & 1 up)
agrees rather well with the value of yf2%, —obtained from
neutron powder diffraction (see below) and is close to the
value given by Kuz’min et al.’® (82 emu g~! or 18.8145). At
this temperature, the sample is approximately in the saturated
state for H > 20 kOe. It is worth noting that the magnetic
moment increases with temperature in the 2—-150 K interval
(see Fig. 2). The isothermal M(H) curves change in such
interval, especially between 40 and 80 K, where an inverse
MCE is found as we will discuss later. On the other hand,
M starts to progressively fall down above 200 K (see inset
in Fig. 2), giving rise to a direct MCE. It is known that
in Er,Fe,7 single crystals there is a first-order field-induced
spin-reorientation transition,”® which is reflected in an abrupt
change of the M(H) curves depending on the orientation of
the single crystal with respect to the magnetic field. In this
case, such a transition is not observed, mainly due to relatively
low magnetic field values compared to the magnetic fields
needed for such a transition (>300 kOe). For T ~ T¢, the
magnetization at H = 80 kOe is close to the value of the
isotherm at T = 2 K, which indicates that the magnetic field
is able to increase the magnetization due to magnetovolume
effects like in other well-known Fe invar alloys.>>> For
T =390 K, the magnetization at H = 80 kOe is ~60% of
the magnetization at 7 = 160 K.

B. Heat capacity of Er,Fe;;

The temperature dependence of the heat capacity for
Er,Fe7, measured under different magnetic fields up to
80 kOe, is shown in Fig. 3(a). The A-type anomaly observed
on the zero-field curve (maximum at 303 £ 1 K, inflection
pointat 305 + 1K) corresponds to the second-order magnetic
phase transition from paramagnetic to ferrimagnetic state. Also
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FIG. 3. (Color online) (a) Temperature dependence of the heat
capacity for Er,Fe,; under different applied magnetic fields. (b) Cp/ T
vs T plot in the low-temperature range. (c) Detail of the heat capacity
near the Curie temperature.

seen in Fig. 3(b) is the pronounced effect of the magnetic
field on the A-type anomaly (it is considerably broadened and
shifted to higher temperature with increasing magnetic fields,
which is characteristic of ferro- or ferrimagnetic systems).®
The temperature dependence of the heat capacity changes from
0 to 80 kOe in the temperature range below 100 K [see Cp/T
plot in Fig. 3(c)]. This feature is relevant to understanding the
appearance of an inverse magnetocaloric effect (see below).

C. Crystal and magnetic structures of Er,Fe;;

Figure 4 depicts the high-resolution neutron powder
diffraction patterns for Er,Fe;7 collected on D2B at 2 and
320 K (T¢ ~ 303 K). The diffraction pattern obtained for
the paramagnetic state at 320 K can be indexed with Bragg
reflections associated with the Th;Ni,;-type crystal structure,
which coincides with room temperature x-ray diffraction
data (not shown here). The cell parameters and the atomic
coordinates after refinement are in good agreement with
those previously reported.’”! The structural parameters were
obtained from the Rietveld analysis (see Table I). Labels of
Er and Fe atomic coordinates correspond to those used in the
International Tables for Crystallography.5* It is noteworthy
that several refinements using the disordered Th,Ni;-type
crystal structure (which is found in other hexagonal R,Fe;;
compounds)3®63%4 were carried out, but led to results with
poor reliability factors and unphysical results.

The nonstructural parameters (scale factor, zero shift of
the goniometer, and profile parameters for the pseudo-Voigt
function) and the atomic coordinates obtained from the
Rietveld refinement of the pattern collected at 320 K were
used for the 2 K diffraction pattern, in order to reduce the
number of variables in the fitting procedure. At T =2 K,
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FIG. 4. (Color online) Observed (dots) and calculated (solid
line) neutron powder diffraction patterns collected on D2B at
(a) T =2Kand (b) T = 320K for Er,Fe;;. The vertical bars indicate
the position of the Bragg diffraction reflections; the upper (lower)
row corresponds to the nuclear (magnetic) scattering. The observed-
calculated difference is depicted at the bottom of each figure.

Er,Fe;7 shows a long-range ordered magnetic state. In the Fe
sublattice, the magnetic moments were refined using the Fe
magnetic moments obtained from Y,Fe; as starting values.
Considering that the Er crystallographic sites (2b and 2d,
see Table 1) possess similar atomic environment due to their
local symmetry, the Er magnetic moments were constrained
each other (see Sec. III). All magnetic peaks were indexed
with a propagation vector k = (0,0,0) referenced to the
room temperature unit cell, indicating that the magnetic and

PHYSICAL REVIEW B 86, 184411 (2012)

nuclear unit cells are the same. The magnetic cell resulting
from refinement is collinear ferrimagnetic with the magnetic
moments lying in the basal plane, the Er-sublattice magnetic
moments being antiparallel to those of the Fe sublattice. The
value of the Er magnetic moment at 7 =2 K is close to
that of the maximum value predicted for the Er** free ion
according to Hund’s rules (ug, = 9 p). It is noteworthy that
the components of the magnetic moments within the basal
plane cannot be determined from a neutron powder diffraction
experiment due to symmetry limitations.%

The temperature dependence of the magnetic moment at
each nonequivalent atomic site for Er,Fe|7 was calculated from
the analysis of the powder diffraction patterns collected on
DIB. As can be seen in Fig. 5(a), the temperature dependence
of the magnetic moments for Er and Fe ions, pg, and ppe,
are significantly different. The Er magnetic moment decreases
monotonously, whereas the magnetic moments of the Fe atoms
remain almost constant until 7 ~ 200 K (T'/T¢ ~ 0.7), with
an abrupt decrease near T¢. Figure 5(b) shows the total
magnetic moment as a function of the reduced temperature
(T /T¢) for each sublattice, where the spontaneous magnetic
moment of Er,Fe; is expressed by subtracting the contribution
of both sublattices, due to their antiparallel alignment:°

17 2
Total Total Total 2 2 :
MErzFe” = MF@ - I"LEr = MFE,‘ - l‘l’Er," (7)
i=1 i=1

The magnetic moment at T =2 K, ug‘r’;‘}e” =14.7up, is in

good agreement with the values obtained from the magnetic
measurements (ME‘I’Z‘%IW = 16w p). The main feature of the
curve is the broad maximum between 0.4 and 0.7 T,
which corresponds to the 120-210 K temperature range [see
Fig. 5(b)]. Using a mean-field Hamiltonian including both
crystal-field and exchange interactions (see Sec. III), we
have calculated the temperature dependence of the magnetic
moments for the Er*t and Fe ions and their sublattices [see
Figs. 5(a) and 5(b)]. It is worth noting that a remarkable
agreement is observed, without the addition of any adjustable
parameter. In particular, the smooth maximum of ME‘T’Z“;ICH is
well described, and corresponds with the expected behavior
for a ferrimagnetic system. Such behavior was predicted

TABLE I. Atomic coordinates for each crystallographic site obtained from the D2B neutron powder diffraction pattern collected at
T =320 K (reliable factors: R, = 6.41, Ry, = 8.94, Re, = 2.74, Bragg R factor Rz =7.70, and Rr = 6.06) as well as the magnetic
moments, obtained at T = 2 K (reliable factors: R, = 4.92, Ry, = 7.53, Rexp = 0.27, Ry = 4.70, Rr = 2.70, and magnetic R factor = 6.14)
for the studied Er,Fe|; (P63;/mmc) compound. Unit cell parameters and volume at 320 K as well as the total magnetic moment of each

sublattice and of the magnetic unit cell at 2 K are shown.

Atom site X y 2 B (A% w(ig)
Er(2b) 0.000 0.000 0.250 0.60(5) 9.03(1)
Er(2d) 0.333 0.667 0.750 0.60(5) 9.03(1)
Fe(4f) 0.333 0.667 0.106(1) 0.45(5) 2.23(1)
Fe(6g) 0.500 0.000 0.000 0.39(5) 2.04(1)
Fe(12j) 0.329(1) 0.958(1) 0.250 0.59(3) 1.98(1)
Fe(12Kk) 0.166(1) 0.332(1) 0.983(1) 0.15(3) 1.73(1)
a=bA) 8.451(1) e (i p) 18.1(1)
c(A) 8.264(1) 1 (p) 32.8(2)
V(A 511.27(1) s (1es) 14.7(1)
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FIG. 5. (Color online) Reduced temperature dependence of the
magnetic moment for (a) the two nonequivalent crystallographic Er
sites and the four Fe sites and (b) similary for the Fe and Er-sublattices
as well as for Er,Fey;. Solid lines represent the calculated temperature
dependence of the magnetic moment (see text for more detail).
for the first time by Néel,*” and occurs in Er,Fe;; when
il decreases more rapidly with temperature than 0%
does, and therefore the spontaneous magnetization increases.
According to the Néel’s theory of ferrimagnetism, the observed
M(T) behavior corresponds to that denoted as P type in
Néel notation.®” The parameters that explain this behavior
are x = % and y = x—:ef, where g (re) and Ng (Nge)
are the magnetic moments and the number of Er (Fe) atoms,
respectively. In fact, when the product xy is larger than 1, the
M(T) curve differs from zero for T > 0 K, increases when the
temperature is raised, passes through a maximum and, finally,
drops sharply at 7¢. This trend was experimentally found in
Er,Fe 7 [see Figs. 1 and 5(b)].

D. Magnetovolume anomalies of Er,Fe;;

The temperature evolution of the lattice parameters and the
unit cell volume (see Fig. 6) were obtained from the analysis
of the diffraction patterns collected on D1B. Er,Fe; exhibits
several anomalies below 450 K. On heating from 7 =2 K,
we observe (i) a moderate decrease of the crystalline unit cell
parameter along the c axisupto 7' ~ T, while the basal-plane
unit cell parameters slightly increase (~0.1%) in the same
temperature range; (ii) an almost flat region between 7¢ and
4/3 T¢, with very small variations of the cell parameters;
(iii) both a and ¢ cell parameters show a Griineisen-like
behavior when the temperature is greater than 450 K (1.5 T¢).
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FIG. 6. (Color online) Temperature dependence of (a) the cell pa-
rameters and (b) the experimental unit cell volume V(T) for Er,Fe;.
The solid line Vyy corresponds to the nonmagnetic contribution to
the unit cell volume, which is an extrapolation of V(T') from the
paramagnetic region down to low temperature using a Griineisen law
(see text for details).

In addition, R,Fe;7 intermetallic compounds are known to
undergo large spontaneous magnetostrictive or magnetovol-
ume deformations originated mainly from the Fe sublattice.’!
This leads to Invar behavior within a wide temperature range.
In fact, these magnetovolume effects are clearly illustrated in
the temperature dependence of the cell volume, V(T') [see
Fig. 6(b) and the inset therein]. V(T) is almost constant in the
0 to 60 K low-temperature region. On heating up to 110 K
the volume clearly decreases (negative thermal expansion,
NTE). In the 110-250 K temperature range, V(7T') continues
its decrease, but with a much lower slope. Further heating
shows another region of NTE with a minimum value for
the volume at 7 ~ 320 K. These anomalies in the unit cell
volume were ascribed to the strong dependence of magnetic
coupling with the Fe-Fe distances,”>?>%%% likewise many
other Fe-based Invar alloys either in amorphous or crystalline
state,59-70-72

At low temperatures, the unit cell volume is expanded
respect to a nonmagnetic system [see Fig. 6(b), where both the
experimental and the nonmagnetic cell volumes are plotted].
In order to estimate the nonmagnetic contribution to the
unit cell volume using the Griineisen relation,”>’> we have
used the value of the bulk modulus B = 149 GPa obtained
from the refinement of the XRD patterns under high pressure
(see below), whereas the value of the Debye temperature
Op ~460 K and y ~ 350 meV were extracted from the
measured low-temperature heat capacity (Cp ~ y + BT?).”6
The Griineisen parameter, I' = 1.9, and the nonmagnetic

volume at zero temperature, Vy = 505 AS, were estimated from
the fit.

The large volume spontaneous magnetostriction (wgs ~
1.6 x 1072 at T = 5 K) is the responsible for the difference
between the experimental and the extrapolated values of
the unit cell volume. The nonmagnetic unit cell volume
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FIG. 7. (Color online) Reduced temperature dependence of the
volume spontaneous magnetostriction, ws(7T)/ws at 5 K, compared
with that of the square of the magnetic moment over (1 f*)?(5 K) for
the Fe sublattice. The value of ws(5 K) is ~1.6 x 1072 and u[0%(5 K)
is ~14.7up, respectively.

is smaller than the experimental one, which implies that
the spontaneous magnetostriction wg(7) is negative below
450 K. In other R,Fe;; compounds, wg has been correlated
with the square of the total Fe-sublattice magnetic moment,
w27 Figure 7 shows the trends of ws(T)/ws(5 K) and

(WYX (T) /(uio)(5 K) as a function of the reduced tem-
perature 7/Tc. Both curves roughly overlap up to 7 ~
0.8 T¢. At higher temperatures, the wg(7T) curve deviates from
(WaYX(T), and at Tc, ws(T)/ws(5 K) ~ 0.35, suggesting
the presence of short-range magnetic correlations,’® which
disappear for T > 450 K (T /T ~ 1.5).

In addition, we have investigated the evolution of the unit
cell crystal parameters and volume under hydrostatic pressure
[see Figs. 8(a) and 8(b), where XRD patterns under P = 0
and 15 GPa are shown, respectively]. The shape of the Bragg
diffraction peaks is flatter and the intensity decreases when the
pressure increases, due to the deformation of the crystalline
domains with increasing pressure. The XRD patterns were
analyzed using the Le Bail method due to the extreme difficulty
of performing a Rietveld analysis. A continuous shift of the
diffraction peaks to higher 26 angles with increasing pressure
is consistent with a reduction of the unit cell parameters. The
normalized unit cell parameters of Er,Fe;; as a function of
the applied pressure are also shown in the inset of Fig. 8(c).
A continuous decrease in both ratios is clearly observed, but
the crystal structure does not change under pressures up to
P = 15 GPa. The lattice contraction along the ¢ axis as well
as that in the basal plane seems to be isotropic, since both
curves almost match each other. Data corresponding to the unit
cell volume versus applied pressure were fitted to the Birch-
Murnaghan equation of state.”” A value of B = 149 + 4 GPa
was obtained for the bulk modulus, which is consistent with
those reported in the literature.>

E. Magnetocaloric Effect of Er,Fe,;

Accurate values for the MCE were obtained from both
magnetization and heat-capacity data. Hence the isothermal
magnetic entropy change was estimated from two methods:
from the M(H) curves (see Fig. 2) together with Eq. (1), and
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FIG. 8. (Color online) Observed (dots) and calculated (solid line)
x-ray powder diffraction patterns for Er,Fe;; collected at (a) P =0
and (b) 15 GPa. The observed-calculated difference is depicted at
the bottom of each figure. (c) Fit of the P(V) curve using the Birch-
Murnaghan equation of state. (Inset) Pressure dependence of the unit
cell parameters normalized to the value at P = 0 GPa (ap and co)
for the Th,Ni,;-type crystal structure in Er,Fe;; at room temperature.
The dashed line is a guide for the eyes.

from the heat-capacity data measured under several applied
magnetic field values (see Fig. 3) and Eq. (2). The ASy(T)
curves for the Er,Fej; alloy are plotted in the upper part
of Fig. 9. Peaks located at T =300 K correspond to a
direct MCE associated with the magnetic transition from
the ferrimagnetic to paramagnetic state. The magnitude of
ASy(T) obtained from M(H) data at 300 K under AH =
50 kOe is —3.6 J(kgK)~!, which is quite close to the value
reported in Ref. 80, while at AH = 80 kOe, ASy,(T) reaches
a value of —4.7 J(kgK)’l. Er,Fe;7 also exhibits an inverse
MCE with a maximum value of ASy; = 1.3 J(kgK)™' (AH =
80 kOe) at T ~ 40 K. These values for the inverse and direct
MCE are in good agreement with those found from heat-
capacity measurements [see Fig. 10(a)], where ASy(T) =
—5.2(1.2) J(kgK)~! for the direct (inverse) MCE at 300(40) K,
respectively, under a magnetic field change of 80 kOe. Another
noticeable result is that A.S), vanishes in the crossover from the
inverse to the direct MCE at around 150 K. At this temperature,
the V(T) curve exhibits a NTE behavior, while the total
magnetic moment displays a broad maximum.

The existence of an inverse MCE has been theoretically
predicted in the framework of the ferrimagnetic character of the
magnetic structure.®® However, in this work, we have studied
the effects of the particular CEF level scheme of Er’* ion
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FIG. 9. (Color online) Temperature dependence of (a) the isother-
mal magnetic entropy and (b) the adiabatic temperature changes
under A H up to 80 kOe for Er,Fe,; determined from magnetization
measurements. The insets show the theoretical values of ASy, and
AT,q using the CEF and exchange parameters quoted in Sec. III (see
text).

on the MCE.!? The inset of Fig. 9(a) shows the temperature
dependence of the magnetic entropy change considering
the contributions of the Fe sublattice due to Heisenberg
exchange interactions and those of the CEF and Heisenberg
exchange interactions for the Hamiltonian related to the Er
sublattice (see Sec. III). The direct and inverse magnetocaloric
effects are qualitatively well accounted by the theoretical
model, even though the crossover where the MCE is zero is
predicted to be ~120 K, while the experimental determination
is found at 150 K.

Taking into account Egs. (2) and (3), the adiabatic temper-
ature change was estimated from the specific heat at zero-field
and the magnetic entropy change obtained from both the
M(H) curves [see Fig. 9(b)] as well as the heat-capacity
data [see Fig. 10(b)]. The values of AT,y at 300(40) K for
the direct (inverse) MCE are 2.5(—0.6) and 3.2(—0.6) K
for the determination obtained from magnetization and heat-
capacity data, respectively. These main features exhibited by
the experimental AT,y curves also emerge in the theoretical
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FIG. 10. (Color online) Temperature dependence of (a) the
isothermal magnetic entropy and (b) the adiabatic temperature
changes under AH of 20, 50, and 80 kOe for Er,Fe,; determined
from heat-capacity measurements (see text).

calculation [see inset in Fig. 9(b)]. Furthermore, calculated
and experimental values are reasonably close, even though the
shape of the theoretical peaks looks narrower, probably due to
finite grain sizes. The discrepancies between the experimental
results and the model in both adiabatic temperature change
and magnetic entropy change suggest that other interactions
must be taken into account to describe more accurately the
experimental behavior. The magnetoelastic coupling is the
main candidate, in so far as the unit cell volume also has
anomalous behavior below 7. However, further investigations
are needed to elucidate these discrepancies, as the implemen-
tation of such interaction is labor intensive since the elastic
and magnetoelastic constants must be known.

V. CONCLUSIONS

In summary, Er,Fe;; exhibits noticeable magnetovolume
anomalies below the Curie point, evidenced by different
changes of slope in the temperature dependence of the unit
cell volume (the c crystallographic cell parameter unceasingly
diminishes with increasing temperature, while the basal-
plane cell parameters slightly increase, being almost flat
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around T¢). These magnetovolume anomalies give rise to
a positive spontaneous magnetostriction with a maximum
(ws ~ 1.6 x 1072) at T = 5 K that falls down to zero well
above the Curie temperature (owing to the existence of
short-range ordering effects). The existence of both direct
[ASy ~ —4.7 J(kgK)~! and AT,y ~2.5 K for 80 kOe]
and inverse [ASy ~ 1.3 J(kgK)’1 and AT,y ~ —0.6 K for
80 kOe] magnetocaloric effects determined from magnetiza-
tion measurements are qualitatively well described considering
amean field Hamiltonian that includes both crystalline electric
field and exchange interactions. The model also predicts that
as we increase the temperature, the sign of ASy, and ATy
changes at a certain temperature where the crossover from
inverse to direct magnetocaloric effect occurs.
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