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In this paper we report comprehensive experimental and theoretical investigation of magnetic and electronic
properties of the intermetallic compounds Pr,Fe; and Gd,Fe,;. Electronic structure of these two systems was
probed by optical measurements in the spectral range of 0.22—15 wm. On top of that, charge-carrier param-
eters (plasma frequency () and relaxation frequency ) and optical conductivity o(w) were determined. Self-
consistent spin-resolved band-structure calculations within the conventional LSDA+U method were per-
formed. Theoretical interpretation of the experimental o(w) dispersions indicates transitions between 3d and
4p states of Fe ions to be the biggest ones. Qualitatively the line shape of the theoretical optical conductivity
coincides well with our experimental data. Calculated by the LSDA +U method magnetic moments per formula
unit are found to be in good agreement with observed experimental values of saturation magnetization.
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I. INTRODUCTION

During the last two decades Fe-rich intermetallic systems
stay under investigation from both experimental and theoret-
ical points of view because of their anomalous magnetic
properties. At present the intermetallic compounds with rare-
earth elements draw significant interest because of their well-
pronounced Invar properties and also as possible new cheap
high-energy storing materials for permanent magnets.'”’
Rare-earth intermetallic compounds R,Fe;; (R is a rare-earth
ion) are well known due to the large magnetic moment of Fe
ions and yet their comparatively low Curie temperature 7.
Further increase of the 7~ of the compounds can be achieved
by implantation of interstitial atoms'? or introducing a low
content of nonmagnetic impurities substituting Fe atoms.>~’
In such extended systems, compared to the parent R,Fe;
compounds, upon doping 7~ grows more than twice in some
cases. This increment of 7, was explained primarily as a
result of the lattice expansion with substitution of Fe ions for
larger radii ions. According to this concept, Fe-Fe interac-
tions are ferromagnetic or antiferromagnetic for interatomic
distance larger or smaller than the critical value 0.25 nm.}?
However, a number of experiments’”'! showed that in the
substitutional R,Fe;;_,Si, alloys the crystal lattice contracts
and the magnetic moment per unit volume decreases, while
T grows. Later experimental facts are in apparent contradic-
tion with the model.® Clearly, a simple approach based on
distance-dependent exchange interaction is not sufficient to
explain the changes of magnetic properties of these com-
pounds with substitution of Fe for nonmagnetic ions.

Several results of band-structure calculations of the sys-
tems from the family are available. For instance, the spin-
polarized calculations of electron spectra of Y,Fe ;;Nj,!?
szFe]7_ MX (MZAl,Ga,Si),13 and Nsze]7_xMx (MZSI,
Ga) (Ref. 14) compounds showed that nonmagnetic impuri-
ties modify the shape and width of the spin-up and spin-
down densities of states N(E). Jaswal et al.'* suggested to
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explain the increase of T in Y,Fe;N; via changes of the
density of states at the Fermi level N(Ey) owing to the lattice
expansion by means of the Mohn-Wohlfarth static spin-
fluctuation model.’> An analysis of the experimental opti-
cal,”1%17 low-temperature heat capacity,’ and photoemis-
sion'® data of some pseudobinary alloys R,Fe,;_,M, with
M =ALSi revealed a qualitative correlation between the Cu-
rie temperature and parameters of electronic structure in the
frame of such an approach. Recent experimentally measured
optical conductivity of Ce,Fe ; was interpreted in terms of
band structure obtained within local-density approximation
(LDA)."

In accordance with the foregoing systematic study of the
electronic structure of R,Fe;; compounds and their modifi-
cations with substituted Fe ions, further investigations are of
fundamental importance. In this work theoretical calculations
of the electronic properties, together with experimental mag-
netic and optical measurements, were performed. The paper
is organized as follows: in Sec. II experimental details and
results for Pr,Fe,; and Gd,Fe,; are presented. For instance,
Sec. IT A is devoted to sample preparation, x-ray-diffraction
structural analysis, and magnetic measurements conditions.
Section II B provides descriptions of optical experiments.
Section III contains results of LSDA+U (Ref. 20) computa-
tions of electronic structure and magnetic properties of
Pr-Fe and Gd-Fe systems. Structure of experimentally ob-
served optical conductivity curves is anatomized in Sec. I'V.
At the end we briefly summarize our paper in Sec. V.

II. EXPERIMENT
A. Samples and magnetic measurements

The compounds Pr,Fe;; and Gd,Fe;; were prepared by
induction melting in an alumina crucible under argon atmo-
sphere. The ingots were homogenized in the high-purity ar-
gon atmosphere at ~1300 K. The purity of the alloys was
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TABLE 1. Experimental structural, magnetic, and electronic parameters of the intermetallic compounds Pr,Fe;; and Gd,Fe;;: lattice
parameters a, c; unit-cell volume at room temperature V; T: Curie temperature; M: spontaneous magnetization at 7=4.2 K; relaxation y
and plasma () frequencies; N, effective concentration of conduction electrons.

M; Y 0 Negr

Compound a (A) ¢ (A) V (A3) T (K) (up/fu.) (103 571 (1030 52 (102 cm™3)
Pr,Fe,; 8.579 12.472 795.0 294 36.1 1.9 213 0.67
Gd,Fe; 8.496 8.341 521.4 466 212 15 19.5 0.61

checked using standard x-ray diffractometry in Cu K« radia-
tion. The samples were found to be polycrystalline, single-
phase, and have rhombohedral structure of the Th,Zn;;

type2! (space group R3m) for Pr,Fe,; and hexagonal crystal
structure of the Th,Ni,; type?? (space group P65/mmc) for
Gd,Fe,;. The measured lattice parameters a and c are close
to those published earlier’’?> and are shown in Table I.
Spherical specimens of 2—3 mm in diameter were used for
magnetic measurements. For the following optical studies
the specular surface of the samples was prepared by me-
chanical polishing with diamond pastes.

The Curie points of the compounds were determined from
temperature dependencies of ac susceptibility. The ac suscep-
tibility was measured by a differential method in an ac mag-
netic field of 8 Oe with a frequency of 80 Hz. The saturation
magnetizations at 7=4.2 K were determined from the iso-
thermal magnetization measurements carried out by means
of a vibrating sample magnetometer in magnetic fields up to
20 kOe. The magnetic parameters of the compounds are
listed in Table 1. They are a little different from previously
reported data.?>?* The differences among authors may origi-
nate from some deviations of their samples from stoichiom-
etry.

B. Optical measurements

Investigations of optical properties of Pr,Fe;; and
Gd,Fe,; were carried out at room temperature by ellipsomet-
ric Beattie technique.?® Spectroscopic ellipsometry is based
on the fact that the state of polarization of incident light is
changed on reflection. The optical constants—refractive in-
dex n and absorption coefficient k—were measured in the
spectral range of Aw=0.077-5.6 eV (w is a cyclic frequency
of light) with accuracy of 2—4 %. From n and k, the real
€,(w)=n’~k* and imaginary &,(w)=2nk parts of the com-
plex dielectric function e(w), the optical conductivity o(w)
=nkw/2, and the reflectance R(w)=[(n—1)*+k*]/[(n+1)>
+k?] were derived. Measurements of reflection spectra fol-
lowed by Kramers-Kronig analysis were applied to deter-
mine the optical parameters in the short-wave range (fw
=5.6-8.5¢V).

The results of optical study (n, k, €, €, R as functions of
w) for the Pr and Gd compounds are shown in Fig. 1. It is
seen that the optical properties of both compounds are rather
similar. All directly measured dispersions and further derived
quantities are characterized by the broad feature with maxi-
mum at the photon energies near 1 eV. As it follows from the
line shape of the &,(w), there is a strong absorption region at

energies fiw>1 eV. With increase of the wavelength to in-
frared range (A=2 um) [inset of Fig. 1(a)] the nonmono-
tonic behavior of n and k is changed by a smooth growth
related to the domination of free-electron absorption. Such a
character of the frequency dependencies for the optical con-
stants together with negative quantities €, as a rule, is typi-
cal for the metal-like solids. As one can see from dispersion
curves R(w), in the low-energy range the reflectance exhibits
the high values. The analysis of the energy dependence of ¢
and e, in this spectral interval, corresponding to intraband
electronic excitations, makes it possible to determine the
plasma frequency () and the effective relaxation frequency y
of free charge carriers. Within the assumption that light ab-
sorption for these energies has Drude character, the param-
eters O’=w*(€+63)/€ and y=€,w/€; were computed. In
the long-wave region A >8 um, y and 2% become frequency
independent. The values of y and Q? in this energy interval
were used then to estimate the effective concentration of
conduction electrons N, ;= OPm/4me* (m and e are the mass
and the charge of a free electron, respectively). All these
parameters obtained from experimental data treatment are
presented in Table 1.

Optical conductivities o(w) for both compounds are dis-
played in Fig. 2. A monotonic increment of the experimental
o(w) dispersion observed in the low-energy range is related

0 12345678
fiw (eV)

FIG. 1. (Color online) Experimental optical constants n and k
(a), dielectric functions €; and €, (b), and reflectivity spectra R (c)
for Pr,Fe,; (full circles and solid line) and Gd,Fe;; (empty circles
and dotted line) compounds. Dotted and solid lines above 5.6 eV
represent values obtained by Kramers-Kronig transformation from
reflection spectra. The inset presents dependences of the optical
constants on wavelength for an expanded view in infrared region.
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FIG. 2. (Color online) Experimental (dark circles and dashed
lines) and calculated (solid lines) dispersion dependencies of optical
conductivity for Pr,Fe; (a) and Gd,Fe;; (b) compounds. Dashed
lines represent o(w) values obtained by Kramers-Kronig transfor-
mation from reflection spectra. Dotted lines correspond to intraband
contributions estimated by Drude formula. Calculated values are in
arbitrary units.

to the Drude mechanism of electron excitations. For both
systems intraband (Drude-like) contributions to the optical
conductivity were computed according to the relation
O pira(©) =Q%y/ 41(w*+y?) and drawn black dotted lines in
Fig. 2. Corresponding values of Q> and v are given in Table
I. The magnitude of these contributions falls down sharply
with energy and becomes insignificant above 0.5 eV. The
values of static conductivity oy,,,(0) are estimated to be
0.89x10'® 57! for Pr,Fe;; and 1.03 X 10'® s7! for Gd,Fe,
correspondingly. With increase of photon energy the o(w)
curves show very intense asymmetric stuctures in the near
infrared region of spectra at ~1.2 eV. These structures have
a pronounced shoulder on the high-energy side and an abrupt
low-energy edge. Such behavior is a typical manifestation of
the predominance of the interband absorption in this energy
interval. The similar shape of the o(w) curves was observed
early in Y,Fe,;, Ce,Fe,;, and Lu,Fe,; compounds.'’

III. ELECTRONIC STRUCTURE CALCULATIONS

To calculate electronic structure of the intermetallic com-
pounds under investigation the LSDA+U method?® within
the TB-LMTO-ASA package (tight binding, linear muffin-tin
orbitals, atomic-sphere approximation)’® was applied. Ex-
perimentally obtained values of lattice constants for both Pr
and Gd systems given in Table I were used in our calcula-
tions. Atomic spheres radii were chosen as R(Pr)=3.91 a.u.
and R(Fe)=2.62 a.u. for PryFe;; and R(Gd)=3.72 a.u. and
R(Fe)=2.66 a.u. for Gd,Fe ;. The orbital basis was chosen to
be 65, 6p, 5d, and 4f muffin-tin orbitals for Pr or Gd and 4s,
4p, and 3d for Fe sites. The calculations were performed
with 32 irreducible k points (6 X6 X 6 spacing) in the first
Brillouin zone. Parameters of direct U and exchange J Cou-
lomb interactions for Gd and Pr ions were calculated by con-
strained LDA method.”’” For Gd,Fe;; we obtained Ugy,
=6.7 eV and J;;=0.7 eV [similar values were determined
previously for elemental Gd (Ref. 20)], and for Pr,Fe;; Up,
=49 eV and Jp,=0.6 eV. Corresponding values of U and J
were applied to Gd and Pr compounds in the frame of the
LSDA+U method. Note that, in the present work we do not
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TABLE II. Calculated within the LSDA+U method values of
local magnetic moments for different sites in Pr,Fe;; and Gd,Fe;
compounds.

PryFe; Gd,Fe;

Site M(ug) Site M(up)
Pr(6¢) -2.08 Gd(2b) -7.13
Fe(6¢) 221 Gd(2d) -7.20
Fe(9d) 2.23 Fe(4f) 2.31
Fe(18f) 2.13 Fe(6g) 2.10

Fe(18h) 2.34 Fe(12)) 2.40
Fe(12k) 1.87

take into account local Coulomb interaction on Fe ions since
constrained LDA gives surprisingly large U values.”® How-
ever, for elemental Fe it was shown that an account of Cou-
lomb correlations is important to describe semiquantitatively
temperature dependence of magnetization.”” But on the other
hand, such an approach reproduces main structures of LSDA
density of states (DOS) with slight modifications of the Fe 3
d DOS and thus in our case will not strongly affect resulting
dispersions of optical conductivity.

Total magnetic moment values per formula units obtained
within LSDA+U method (33.79uy for PryFe;; and 21.89u,
for Gd,Fe,;) are in good agreement with measured experi-
mental data (see Table I). Values of local magnetic moments
for different sites for Pr,Fe; and Gd,Fe;; compounds are
listed in Table II. Pr and Gd 4f shells are computed to be
fully polarized with local moments close to their ionic values
while Fe ions have local moment values almost equal to their
elemental Fe magnitude. It is remarkable that local moments
on rare-earth sites during self-consistent loops become oppo-
sitely directed to those on Fe sites. One should also mention
that the initial value of local moments on Pr and Gd ions was
taken to be zero. Thus R and Fe sublattices in our calcula-
tions are obtained to be antiferromagnetically ordered.

Calculated in the present work within the LSDA+U
method, partial Fe 4p,3d and rare-earth 5d,4f DOS for
spin-up (1) and spin-down (|) projections of local spin mo-
ments for Pr,Fe;; and Gd,Fe,; are shown in Figs. 3 and 4. It
is seen that the main spectral weight is located in the
Er+5 eV energy range around the Fermi level. Structures of
these DOS are rather similar for both compounds and are
qualitatively close to the DOS of ferromagnetic elemental
iron in bee structure.’® Both these spin-polarized DOSs have
a two-peak structure related to the 3d states of Fe ions. The
Fermi level Ej set to zero lies near the minimum between
these two peaks in the spin-down channel and on the upper
edge in the spin-up channel. “Spin-up” states of Fe ions are
almost completely occupied while “spin-down” states are
nearly half filled. The narrow intensive peaks at 3 eV(|) and
2.7eV(]) (PryFe;;) also at —7.3eV(]) and 3.5¢eV(])
(Gd,Fe ;) belong to 4f states of rare-earth ions. The intensi-
ties of Fe 4s,4p and rare-earth 6s, 6p, and 5d contributions
to the DOS are considerably smaller.
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FIG. 3. (Color online) Spin-resolved total (a) and partial 5d and
4f DOS of rare-earth ion (Pr) (b) and 3d and 4p densities of states
of Fe (c) for Pr,Fe;; compound obtained from the LSDA+U cal-
culation. DOSs were smoothed using adjacent averaging in the in-
terval 0.1 eV. The Fermi level corresponds to zero.

IV. ANALYSIS OF OPTICAL CONDUCTIVITY
STRUCTURE

Calculated LSDA+U band structures presented in the
preceding section were used to interpret experimental optical
conductivity o(w) for both intermetallic systems under con-
sideration. In order to calculate theoretical optical conductiv-
ity o0 (w) and anatomize its ingredients we applied a
rather simplified technique similar in spirit to Ref. 31.
Namely, we computed the following convolutions represent-
ing all possible optical transitions:

) 1 Ept+how
o= [ e - hoar, )
ﬁw EF

where N}(E) and N;,(E) are partial DOSs of the same ion i
with the same spin s and orbital quantum numbers / and [’
shown in Figs. 3 and 4. The orbital quantum numbers are

related by dipole selection rule /—{'==1. Total theoretical
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FIG. 4. (Color online) The same as Fig. 3 but for Gd,Fe,;.
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FIG. 5. (Color online) Calculated total (thick solid lines) and
partial contributions in optical conductivity for Pr,Fe;; (a) and
Gd,Fe; (b) compounds. Dashed, dotted, and dash-dotted lines
show total, spin-up, and spin-down contributions from 3d-4p tran-
sitions in Fe ions, respectively. Dash-dot-dotted lines represent con-
tribution from 4s-4p transitions in Fe, and thin solid lines corre-
spond to 4f-5d transitions in rare-earth ions.

optical conductivity is the linear combination of different
contributions (1):

> mst(w), (2)

o,il-1"=x1

Utheor( (1)) =

where m; is the degrees of site degeneracy (Wyckoff posi-
tions).

Figures 2 and 5 display corresponding o,,,,(®) as solid
lines. The overall shape of optical conductivity dispersion
curves for both compounds exhibits a broad structure with
the peak at ~2 eV. On the whole the theoretical calculations
reproduce main features of the experimental o(w) curve (Fig.
2): (i) the width of the intense absorption band with distinct
maximum, (ii) the sharp threshold in the 0.5-1-eV range, and
(iii) the gradual diminution of the high-energy slope.

At the same time there are certain discrepancies. The the-
oretical peaks are slightly shifted towards the higher energies
in contrast to the experimental ones. Also high-energy con-
tributions at 4 eV are slightly overestimated. It may have the
following reasons. As was shown by Lichtenstein et al.?
inclusion of local dynamical Coulomb interactions into con-
sideration in elemental Fe will lead to about 30% of correla-
tion bandwidth narrowing. In our case the DOS in the vicin-
ity of the Fermi level consists mostly of the Fe 3d states,
which are almost identical to those of elemental bce iron.
Roughly one can say that for our intermetallic compounds it
can slightly improve comparison with experiment. First of
all, a peak at 2 eV could be moved on 0.5-0.6 eV towards
lower energies because of correlation narrowing. Second,
spectral weight at 4 eV can be transferred to lower energies,
and it can give a high-energy tail of theoretical optical con-
ductivity closer to the experimental one. Furthermore, for
both systems o, (w) shows a significant interband absorp-
tion in the low-energy range (Aw<0.6 eV), which was not
confirmed by the measurements. It is possible that the low-
energy absorption, predicted in theory, may be partially dis-
guised in the experimental o(w) curves by the strong Drude
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rising. The Drude contribution was not taken into consider-
ation in our theoretical model.

Densities of states near the Fermi energy for both com-
pounds mostly consist of the 3d states of various crystallo-
graphically inequivalent iron ions (see Figs. 3 and 4). A line
shape of our LSDA calculated Fe ions DOS is very similar to
the known DOS of elemental Fe in the bce (hep) phase.’%3
For the bec iron it was shown?? that the optical conductivity
determined using the Berglung-Spicer approach®' agrees
rather well with theoretical calculations accounting matrix
elements®* and also with experimental results. This fact
enables us to suppose that matrix elements formalism does
not play an important role in the case of intermetallic com-
pounds R,Fe;;. In this work we can report our theoretical
curves to be in a reasonable qualitative agreement with ex-
perimental data.

To analyze the line shape of experimental o(w) we pro-
vide a detailed description of different contributions to
Oyreor(®). As it is seen in Fig. 5 for both systems the biggest
contribution to o,,,,(®w) comes from 3d-4p interband optical
transitions for Fe ions through the spin-down channel. That
gives a high absorption peak at ~2 eV (see dotted curves in
Fig. 5). These particular transitions mostly govern low-
energy range behavior below 1 eV as well. The second larg-
est contribution is 3d-4p transitions for Fe ions but in the
spin-up channel. In Fig. 5 one can see it as a rather broad
structure with maxima at ~4 eV (dot-dashed curves). The
contributions from Fe 4s-4p (Fig. 5, dashed-dot-dot lines)
and Pr(Gd) 4f-5d (Fig. 5, thin solid line) transitions are sub-
stantially smaller; and the magnitude of convolutions of rare
earths 5d-6p and 6s-6p states is negligible.

V. SUMMARY

Comprehensive experimental investigation of structural,
magnetic, and optical properties of the intermetallic com-
pounds Pr,Fe;; and Gd,Fe;; was performed during this
work. Refined structural parameters are found to be in good
agreement with previous data. Measured magnetic properties
(i) Curie temperatures T-=294 K (466 K) and (ii) saturation
magnetizations (at 7=4.2 K) 36.1 (21.2)up/f.u. for Pr-Fe
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(Gd-Fe) systems, respectively, also agree well with the lit-
erature experimental data. We also report measured optical
constants n and k observed at room temperature by ellipso-
metric Beattie technique in the spectral range of
0.22—-15 pum. These experimental data allow us to determine
charge-carrier parameters (plasma () and relaxation vy fre-
quencies) and optical conductivity o(w).

To model magnetic and optical properties of Pr,Fe,; and
Gd,Fe;; we did self-consistent spin-resolved calculations
within the LSDA+U method. Calculated by LSDA+U
method, magnetic moments per formula unit describe well
observed experimental values. Furthermore, experimental
optical conductivity o(w) was interpreted in terms of convo-
Iutions between partial densities of states for the same ion,
applying dipole selection rule for orbital quantum number.
Overall the line shape of experimental and theoretical optical
conductivity curves was found to be qualitatively very simi-
lar. By anatomizing different contributions to o,,,() it was
understood that transitions between 3d and 4p states of Fe
ions give the biggest contribution. The intense peaks in op-
tical conductivity below 1 eV and around 2 eV are predomi-
nantly formed by the transitions in the “spin-down” channel,
while the second large contribution from “spin-up” channel
transitions provides broad feature with the maximum at
about 4 eV. The other contributions from rare-earth 4f-5d
and iron 4s-4p optical transitions are almost negligible.
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