
High Eu 4f low-energy oscillator strength in the
isostructural rare-earth Zintl compounds EuIn2X2 (X = P,As)

Item Type Article

Authors Singh, Nirpendra; Schwingenschlögl, Udo

Citation Singh N, Schwingenschlögl U (2012) High Eu 4f low-energy
oscillator strength in the isostructural rare-earth Zintl
compounds EuIn2X2 (X = P,As). Appl Phys Lett 100: 151906.
doi:10.1063/1.3702787.

Eprint version Publisher's Version/PDF

DOI 10.1063/1.3702787

Publisher AIP Publishing

Journal Applied Physics Letters

Rights Archived with thanks to Applied Physics Letters

Download date 23/05/2023 20:06:49

Link to Item http://hdl.handle.net/10754/315742

http://dx.doi.org/10.1063/1.3702787
http://hdl.handle.net/10754/315742


High Eu 4f low-energy oscillator strength in the isostructural rare-earth Zintl
compounds EuIn2X2 (X=P,As)
N. Singh and U. Schwingenschlögl 
 
Citation: Applied Physics Letters 100, 151906 (2012); doi: 10.1063/1.3702787 
View online: http://dx.doi.org/10.1063/1.3702787 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/100/15?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

109.171.137.210 On: Wed, 19 Mar 2014 11:48:48

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1322864812/x01/AIP-PT/lakeShore_APLArticleDL_031914/PhysicsToday_1640x440_ProbeStations_final.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=N.+Singh&option1=author
http://scitation.aip.org/search?value1=U.+Schwingenschl�gl&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.3702787
http://scitation.aip.org/content/aip/journal/apl/100/15?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


High Eu 4f low-energy oscillator strength in the isostructural rare-earth Zintl
compounds EuIn2X2 (X 5 P,As)
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(Received 7 February 2012; accepted 25 March 2012; published online 11 April 2012)

The isostructral Zintl compounds EuIn2X2 (X¼ P,As) are investigated within density functional

theory. We employ the local spin density approximation with onsite interaction (LSDAþU) for

varying U from 0 eV to 7 eV to model the Coulomb repulsion of the Eu 4f electrons. The

LSDAþU optical conductivity disagrees with the experimental spectrum, while the simple LSDA

is successful. Contrary to the expectation, it is found that EuIn2X2 (X¼ P,As) has a large oscillator

strength for the f ! d transitions in the low-energy range (below 1.5 eV) in which effects of the

joint density of states play a key role. The materials show a sizeable magneto-optical Kerr effect.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3702787]

Since the first presentation of the Zintl concept (forma-

tion of compensated valence intermetallic compounds based

on a complete charge transfer from an alkali or alkaline-

earth element to a post-transition element) by Zintl in the

early 1930’s, Zintl phases have received great interest

because of their fascinating structural variety and wide field

of materials applications.1 Their physical properties include

complex magnetic ordering, superconductivity, and colossal

magnetoresistance.2–4 Among the Eu-containing Zintl com-

pounds, Eu14MnAs11, Eu3InP3, and Eu3In2P4 have been stud-

ied intensively.5–7 Two new compounds of this family,

EuIn2X2 (X¼ P,As), have been discovered recently.8,9

For EuIn2X2 (X¼ P,As), the zero field resistivity is

maximal near the Neel temperature at T¼ 24 K and 17.5 K

for EuIn2P2 and EuIn2As2, respectively (TN ¼ 24 K and

16 K, respectively). The room temperature resistivity of

EuIn2P2 is about 10�5Xm, indicating a semimetallic nature,

while the isostructural arsenide EuIn2As2 is metallic. The re-

sistivity increases with T in the high-temperature range, but

the increase is not linear. The magnetoresistance is maximal

for each compound at the temperature corresponding to the

zero field resistivity maximum in the largest measured field

(5 T). They are negative colossal magnetoresistant (CMR)

materials, with maximal magnetoresistances of �298%

(EuIn2P2) and �143% (EuIn2As2).

The maximal magnetoresistance is higher for the phos-

phide than the arsenide, which is expected from the magnetic

coupling strength. For the phosphide, which has shorter Eu-

Eu distances than the arsenide, a larger Weiss constant and

the higher ordering temperature indicate a higher exchange

energy, i.e., the local moments are more tightly coupled in

the phosphide. Supportive of this conjecture, the dominant

ferromagnetic interaction when the c-axis is perpendicular to

the magnetic field is found for EuIn2P2 at lower field

strengths than for EuIn2As2. Since the spin ordering likely

occurs through the conduction electrons, more tightly

coupled local spins will have a stronger effect on the delocal-

ized carriers, thus enhancing the magnetoresistance. Metals

typically have a small magnetoresistance of less than 2%.10

However, EuIn2As2 is a metal with localized magnetic

moments in addition to its two-dimensional conduction

layers. Consequently, the local spin alignment can affect the

resistivity (temperature and field dependence) because of

magnetic scattering of the charge carriers.

Only recently, Pfuner et al.11 have investigated the opti-

cal properties of EuIn2P2 in a wide spectral range for varying

temperature and magnetic field. They have found features

common with related CMR compounds: several infrared

peaks in the optical conductivity (OC) and a gain of Drude

weight for growing magnetic field. The gain was attributed

to an enhancement of the itinerant charge carrier concentra-

tion. A similar gain was observed in EuB6 below the ferro-

magnetic transition temperature and attributed to the spin-

dependent splitting of the electronic bands in the ferromag-

netic phase.12 The peak at 600 cm�1 (74 meV) was assigned

to transitions across the hybridization gap. Interestingly, the

authors report on a pronounced peak at 0.6 eV and a weak

peak at 1.1 eV, and attribute them to electronic interband

transitions mostly involving the Eu 4f and 5 d orbitals. How-

ever, this is not a straightforward conclusion, because the os-

cillator strength of the f ! d transitions is expected to be

small in the low-energy range, owing to the localized charac-

ter of the f and d orbitals.13

EuIn2X2 (X¼P,As) is of great interest due to the large

MR in these compounds. In order to understand the OC

obtained experimentally for EuIn2P2, especially the high os-

cillator strength of the f ! d transitions below 1.5 eV, we

will derive the optical and magneto-optical (MO) properties

from the electronic structure. As analysis tools, the band

structure (BS) and density of states (DOS) will allow us to

explain the optical and Kerr spectra in terms of electronic

interband transitions. We have performed spin-polarized

full-potential linearized augmented plane-wave (FP-LAPW)

calculations using the local spin density approximation

(LSDA) and LSDA plus onsite interaction (LSDAþU)

approaches, including the spin-orbit coupling.

We employ the WIEN2K package,14 which gives accurate

results for magnetic systems,15,16 together with the crystal

structures reported in Refs. 8 and 9. The LSDAþU method

a)Electronic mail: nirpendra.singh@kaust.edu.sa.
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is used for better accounting for the correlations of the 4f
electrons in rare-earth compounds. We apply the rotationally

invariant LSDAþU method with the double-counting

scheme of Anisimov et al.17 and Ueff ¼ 2 eV to 7 eV with a

step size of 0.5 eV (J¼ 1 eV). A value of U¼ 7 eV gave in

previous LSDAþU calculations for another Eu compound

the correct energetical position of the Eu 4f bands.18 The

parameterization of von Barth and Hedin19 is employed.

For the Brillouin zone integration, we choose a set of

480 k-points in the irreducible wedge of the Brillouin zone.

The convergence has been checked by a refined mesh which

gave no appreciable changes in energies or other properties.

A Gaussian broadening of 0.1 eV simulates the effects of fi-

nite life-time and experimental resolution. The spin orbit

interaction is incorporated via the second variational

method.20 This approach has been used successfully for vari-

ous rare earth compounds.21 The spin quantization axis is set

along the (001) direction. EuIn2X2 (X¼ P,As) crystallizes in

a hexagonal structure with space group P63/mmm and

atomic coordinates Eu (0, 0, 0), In (2/3, 1/3, u), and P/As

(1/3, 2/3, v), where u¼ 0.17155, v¼ 0.10706 for P and

u¼ 0.32729, v¼ 0.39253 for As, as determined by neutron

diffraction (Fig. 1).8

We have performed calculations for two directions of

the magnetization: the a-axis and the c-axis. We find ferro-

magnetic ordering energetically favorable and the a-axis to

be the easy axis, in agreement with experiment.8 The calcu-

lated total magnetic moments (6.99 lB and 6.97 lB for

EuIn2P2 and EuIn2As2, respectively) are almost the same

and close to the experimental values. They are also close to

the moment of an Euþ2 ion, suggesting that the moments are

localized. Since the calculated optical and MO properties are

found to be close to each other, we subsequently present

results only for magnetization along the easy axis.

The majority spin BSs of the compounds are shown in

Fig. 2. The minority spin BSs are similar except for the loca-

tion of the unoccupied Eu 4f states, which lie 7 eV above the

Fermi energy (EF). Both the LSDA and LSDAþU (U values

from 2 eV to 7 eV) methods reproduce the metallic ground

state. There are two electron pockets at the M-point when

the LSDA is employed. The bottom of the electron pockets

is 0.13 eV below EF and the Eu 4f bands are located just

below them. The width of this group of bands is about

0.24 eV. Below them there is an energy gap of 0.5 eV. For

the LSDAþU method, the occupied Eu 4f bands move

down below EF, and eventually are centered at �2 eV with a

much increased width of 1 eV for U¼ 7 eV. The broadening

is ascribed to changes in the hybridization. The electron

pockets at the M-point are pushed up above EF to become

unoccupied. The top of the valence band at the C-point shifts

from �0.87 eV upward slightly across EF, leading to a hole

pocket and preventing the formation of an energy gap.

Instead, a broad pseudogap of 1 eV is formed, confirming the

very low plasma edge observed in OC measurements.11

One may doubt that the LSDA is adequate for modelling

EuIn2X2 (X¼ P,As). However, Mattheiss22 has correctly

argued that the crystal field gap arises from the well

described metal hybridization and that the valence and con-

duction states should be well described by the LSDA as their

character is essentially the same. The experimental hybrid-

ization gap is about 74 meV (600 cm�1), which is more than

twenty times larger than the 3.2 meV energy gap obtained

from resistivity measurements in the temperature range from

29 K to 60 K.

According to Figs. 2 and 3, we can divide the electronic

states of EuIn2X2 (X¼ P,As) into five groups. Group (1), in

the energy range from �12 to �10 eV, is mainly due to the

P/As s states with some admixture of In 5 s states. Energies

much below EF ensure that these bands almost retain an

atomic character with small bandwidth. Group (2), from

FIG. 1. Crystal structure of EuIn2X2 (X¼P,As).

FIG. 2. Calculated BSs of EuIn2X2 (X¼P,As) using

LSDAþU.
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�7 eV to �4 eV is due to the occupied In 5s and P/As p
states. These bands are almost degenerate and less dispersive

in comparison to the conduction bands. Groups (3) and (4),

from 4 eV to EF, show several sharp DOS peaks centered at

�2 eV due to the occupied Eu 4f states. Group (5), above EF,

is mainly derived from hybridization between the Eu 5d, In

5s and 5p, and P/As d states.

Since the real part of the diagonal component of the OC

tensor is directly related to both the joint DOS and the transi-

tion probabilities,23 we use the calculated BS to analyze the

details of the optical and MO spectra. It is obvious that

spin-orbit coupling and exchange splitting, which both are

captured by our BS calculations, are necessary to yield a

nonzero Kerr effect.24–26 The absorptive part of the off-

diagonal components of the OC tensor is proportional to the

absorption rate difference between the left and right circu-

larly polarized (CP) light. Beyond, its sign determines the

spin polarization of the states responsible for the interband

transitions.27

Figures 4(a) and 4(b) present the real and imaginary

parts of the diagonal component rxx of the OC tensor,

respectively, while Figs. 4(c) and 4(d) refer to the real and

imaginary parts of the off-diagonal component rxy, respec-

tively. Figs. 4(e) and 4(f) give the Kerr spectra of EuIn2X2

(X¼ P,As). The calculated optical and MO spectra are

almost the same for the two compounds. As expected from

the formation of the pseudogap, Re[rxx] is small at low

energy, while several features are observed experimentally.

There is a plateau in the energy range from 3 eV to 4 eV,

whereas Im[rxx] shows a deep minimum near 3 eV and a pla-

teau above 5 eV. The main difference between the two com-

pounds is that the minimum of Im[rxx] is located between

2 eV and 2.5 eV for EuIn2As2. Re[rxy] is small up to 1 eV,

similar to Re[rxx]. For the phosphide, the minimum is found

at 3.5 eV and the maximum at 4.5 eV. Im[rxy] shows similar

characteristics in the low and high energy ranges, but the

maximum at 2.8 eV and the minimum at 3.8 eV. Surpris-

ingly, the magnitude of rxy is higher in the energy range

from 1 eV to 4 eV for EuIn2As2 as compared to its isostruc-

tural compound.

Note that the states in group (1) do not contribute to the

low-energy OC, since they lie well below EF. Groups (2) and

(3) give rise to almost constant contributions of interband

transitions with distinct onset energy. At 2.5 eV, there is a

slight shoulder in Re[rxx], which originates from transitions

between the almost dispersionless bands around �1.0 eV,

group (4), and the states around 1.5 eV. When the photon

energy increases, Re[rxx] displays a broad maximum with

three small humps in the energy range from 2.8 eV to 4.0 eV.

There are several contributions to this structure, where the

lower two humps mainly come from transitions between

occupied Eu 4f and unoccupied Eu 5d states.12 These two

humps evolve to peaks at 0.5 eV and 1.2 eV when the simple

LSDA is employed, see the discussion of Fig. 5 below. The

positive maximum of Im[rxy] near 2.8 eV suggests that the

interband transitions related to left CP light are enhanced in

this energy region. On the other hand, near 3.8 eV, Im[rxy]

shows a deep negative minimum, indicating the dominance

of interband transitions related to right CP light. Im[rxy] is

negligible when the absorption coefficient for left and right

CP light is equal, i.e., in the low and high energy parts of the

spectrum.

In Figs. 4(e) and 4(f), we can see that the Kerr rotation

and ellipticity are related to each other: when �K crosses zero

a peak appears in hK due to the Kramers-Kronig relation.28 It

FIG. 3. Calculated DOS of EuIn2X2 (X¼P,As) using LSDAþU.

FIG. 4. Calculated real/imaginary part of the diagonal and off-diagonal ele-

ments of the OC tensor, along with the Kerr angle and ellipticity of EuIn2X2

(X¼P,As). The results are obtained by the LSDA + U method.

FIG. 5. Calculated real part of the OC of EuIn2X2 (X¼P,As) using LSDA,

along with the experimental data for EuIn2P2.11
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is interesting to note that �K crosses and/or touches zero a

number of times, suggesting that the incident linearly polar-

ized light stays linearly polarized at these frequencies. The

first MO resonance is found at 1 eV. The Kerr rotation is

minimal at 1.2 eV and maximal at 6.5 eV, while the Kerr el-

lipticity is maximal at 1 eV and minimal at 7.8 eV. For

EuIn2As2, both hK and �K are enhanced between 1 eV and

3.5 eV.

The Kerr spectra depend on the diagonal as well as off-

diagonal components of the OC tensor.29 We observe that

minima in Re[rxx] give rise to large Kerr angles in the same

energy range. On the other hand, Re[rxx] is directly linked to

the optical transitions, i.e., to the details of the electronic

structure. This has far reaching consequences for Kerr effect

engineering, provided that the electronic structure can be tai-

lored to enhance the Re[rxx] minima. Inspite of similar mag-

nitudes of rxx (in the whole energy range), the Kerr effect is

stronger for the arsenide in the range from 1 eV to 3.5 eV

due to an enhanced rxy.

In Fig. 5, we show Re[rxx] as obtained by the LSDA

and compare it to the experimental spectrum. The latter

exhibits a sharp peak at 0.5 eV and a smaller peak at 1.2 eV,

which both are not reproduced by LSDAþU calculations

with U¼ 7 eV. Our LSDA results show a strong shoulder at

0.4 eV and a sharp peak at 0.85 eV, similar to the experiment.

These peaks originate from the f ! d transitions. They di-

minish under LSDAþU treatment, as is shown in Fig. 4(a),

because the Eu 4f bands lie 2 eV below EF (Fig. 2). These

results are rather surprising, as the oscillator strength for the

f ! d transitions in the low energy range is supposed to be

small. The large oscillator strength for transitions with pho-

ton energies lower than 1.5 eV is ascribed to the position of

the occupied Eu 4f bands. For U¼ 7 eV, they are found

�2 eV below EF, resulting in strong spectral features in the

energy range from 3 eV to 4 eV. In contrast, they are located

1.5 eV below EF for the simple LSDA. Since the probability

of the f! d transitions is small, owing to the localized char-

acter of the d and f wave functions, the large oscillator

strength must originate from joint DOS effects.

The OC reveals several features from 2 eV to 4 eV,

which are due to transitions between the In 4p and Eu 5d
states. The structures from 3 eV to 6 eV belong to transitions

from groups (2) and (3) to group (5). They are insensitive to

the inclusion of an onsite interaction, since the Hubbard U
mainly affects the location of the Eu 4f bands. Thus, the

energetical locations and characteristics of bands involved in

the strong features of the OC are similar for LSDA and

LSDAþU, except for those of interband transitions with

Eu 4f initial states.

By the localized nature, the 4f electrons of rare-earth

elements are rather insensitive to the local environment.

Consequently, it is reasonable to assume that a value of

U¼ 7 eV is also applicable to EuIn2P2.18 However, the

LSDAþU with U¼ 7 eV fails to reproduce the experimental

OC, which would be easily understood if the occupied Eu 4f
bands were located below EF. This possibility together with

the large oscillator strength for the f ! d transitions in the

low-energy range calls for an accurate measurement of the

Eu 4f energy levels in EuIn2X2 (X¼P,As) by, for instance,

photoemission spectroscopy.

In conclusion, we have presented a first-principles inves-

tigation of the Zintl compounds EuIn2X2 (X¼P,As) using

density functional theory to explain the optical and MO

behavior in terms of the electronic states. At high energy,

Re[rxx] is not sensitive to inclusion of an onsite electron-

electron interaction in terms of a Hubbard U parameter,

because this would affect mainly the energetical position of

the Eu 4f states. Occupied Eu 4f states are found just below

the electron pockets at the M-point. The LSDAþU
approach is not suitable for the studied compounds, while

LSDA results of the OC show a strong shoulder at 0.4 eV

and a sharp peak at 0.85 eV, due to the f! d transitions. Vir-

tually, the same OC is obtained by calculations based on the

generalized gradient approximation.

The large oscillator strength for transitions with photon

energies below 1.5 eV is surprising as the probability of

f ! d transitions is small, owing to the localized character

of the f and d wave functions. It is concluded that the large

oscillator strength must originate from a high joint DOS,

awaiting experimental verification. We have investigated the

origin of the main features of the Kerr spectra and the role of

the minima in Re[rxx]. In the low energy range, the Kerr

spectra are very sensitive to the shape of Re[rxx]. It would

be highly desirable to enhance the minima of Re[rxx] by, for

instance, alloying, pressure, or strain fields.

We thank KAUST research computing for providing the

computational resources for this study.
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16U. Schwingenschlögl, C. Schuster, and R. Frésard, Ann. Phys. (Berlin)

521, 107 (2009); Europhys. Lett. 88, 67008 (2009).
17V. I. Anisimov, I. V. Solovyev, M. A. Korotin, M. T. Czyzyk, and G. A.

Sawatzky, Phys. Rev. B 48, 16929 (1993).
18J. Kunes and W. E. Pickett, Phys. Rev. B 69, 165111 (2004).
19U. von Barth and L. Hedin, J. Phys. C 5, 1629 (1972).
20D. D. Koelling and B. N. Harmon, J. Phys. C 10, 3107 (1977).
21Y. Saeed, N. Singh, and U. Schwingenschlögl, J. Appl. Phys. 110, 103512
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