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The Fermi surfaces (FS’s) and band dispersions of EuRhzAsz have been investigated using angle-
resolved photoemission spectroscopy. The results in the high-temperature paramagnetic state are
in good agreement with the full potential linearized augmented plane wave calculations, especially
in the context of the shape of the two-dimensional FS’s and band dispersion around the T (0,0) and
X (m,7) points. Interesting changes in band folding are predicted by the theoretical calculations
below the magnetic transition temperature Tn =~ 47 K. However, by comparing the FS’s measured
at 60 K and 40 K, we did not observe any signature of this transition at the Fermi energy indicating
a very weak coupling of the electrons to the ordered magnetic moments or strong fluctuations.
Furthermore, the F'S does not change across the temperature (= 25 K) where changes are observed
in the Hall coefficient. Notably, the Fermi surface deviates drastically from the usual FS of the
superconducting iron-based AFezAss parent compounds, including the absence of nesting between

the I' and X FS pockets.

PACS numbers: 79.60.-i, 71.20.-b, 74.25.Jb
I. INTRODUCTION

The recent discoveries of superconductivity in FeAs-
based materials, RLaFeAs(O;_,F,) where R is a lan-
thanide element!™ and (Ba;_,K,)FeaAsy,%7 resulted in
a large number of experimental and theoretical stud-
ies. These materials have revealed fascinating prop-
erties regarding the complex interplay among struc-
ture, magnetism and superconductivity,® especially the
AFesAss (A = Ba, Sr, Ca, Eu) family of compounds
with Tt max ~ 38 K.?715 It has been shown that the par-
ent compounds manifest simultaneous transitions where
the high-temperature tetragonal paramagnetic phase
changes at ~ 140 — 205 K to the lower-temperature or-
thorhombic phase with antiferromagnetic order which is
associated with a spin density wave (SDW) and supercon-
ductivity is achieved in different ways.%%:10:16-19 There
has been a flurry of activity trying to understand the
basic properties of these new materials, and in particu-
lar, the mechanism for high T, where the Fermi surfaces
(FS’s) play an important role.20 22

The key feature common to these materials is the pres-
ence of stacked FeAs layers. This gives a strong mo-
tivation to investigate similarly structured compounds
in a search for additional high T, superconductors and
to understand the mechanism of the superconductiv-
ity and magnetic ordering. @ More recently, several
isostructural materials have been found which show
very interesting physical properties and can be poten-
tial parent compounds for high 7. superconductors,
for example, BaMnyAs,,??, EuRusAs,,?* EuRhyAs,,2526
BaRhsAsy,?” and SrRusAs,.?® The electronic struc-
ture of BaNisAss, in particular, shows no signature of
band folding suggesting the absence of SDW magnetic
ordering.?? Because these materials are not supercon-
ducting, the absence of Fe in these materials allows us
to determine what role the Fe atoms play in supercon-

ductivity. Particularly, EuRhyAsy shows unusual char-
acteristics that are not observed in the superconduct-
ing materials, including giant magnetoresistance and a
strong reduction in the electronic specific heat coeffi-
cient with applied field in the antiferromagnetic state.?%
Magnetic scattering measurements reveal that the Eu
spins are ferromagnetically aligned within the a-b plane
where the spins between adjacent Eu planes are nearly
antiparallel.2> A previous calculation suggested that the
maximum contribution in the electronic density of states
at the Fermi energy (Ep) is from the Rh 4d orbitals.?5
Considering that the electronic states near the FS are
dominated by contributions from the transition metal el-
ement, understanding the interplay between Rh and As
at the FS is vital for these materials. To the best of our
knowledge, there are no previous reports on the Fermi
surfaces of EuRhyAs,.

Here, we present the first angle-resolved photoemission
spectroscopy (ARPES) study on EuRhsAss detailing the
three dimensional nature of the FS and comparing it to
the theoretical full potential-linearized augmented plane-
wave (FP-LAPW) calculations. We find that the FP-
LAPW calculations predict the shape of the FS and gen-
eral band dispersion quite well especially when compar-
ing the data in the paramagnetic phase. Magnetic sus-
ceptibility and heat capacity measurements have demon-
strated that EuRhsAsy undergoes a transition from a
paramagnetic state to an antiferromagnetic state below
the Néel temperature Ty ~ 47 K.26 The ARPES data in
the proximity of EFr do not show any signatures of this
transition. Interestingly, the FS and band structure of
EuRhyAsy are very different from those of other similar
compounds including EuFesAs,3%:3! where the supercon-
ducting family has a hole band centered at I and electron
band centered at X which are closely nested.2%32 On the
other hand, EuRhyAs, has electron bands centered at I’
and X with no evidence of nesting.
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FIG. 1. (Color online) Comparison between the measured ARPES data (40 K) and the theoretical FP-LAPW calculations in
the paramagnetic (high temperature) state: (a) measured FS of EuRhsAs, plotted within 50 meV of Er over the first two
Brillouin zones (BZ’s) at 131 eV; (b—d) band dispersions from (a); (e-h) the same as (a—d) but calculated, colored lines denote
predominant contributions from the Rh 4d (red) and the As 4p (blue) bands which cross Er. The dashed squares in (a) and (e)
bounded by —1 to 1 in k, and k, mark the first BZ boundary of the paramagnetic state (body-centered tetragonal structure).
The directions of the band cuts are shown in each panel. The FP-LAPW FS calculation at k., = 3.5 /¢ (hv = 131 V) in (e)

shows the resulting calculated Fermi surface sheets using the same color coding.

II. EXPERIMENT

Single crystals of EuRhsAss were grown out of Pb
flux. X-ray diffraction measurements confirmed that
EuRhsAss crystallizes in the tetragonal ThCr,Siy struc-
ture with lattice parameters a = 4.075(4) A and ¢ =
11.295(2) A at 298 K.?® Single crystal samples were
cleaved in—situ at the base pressure of ~ 4 x 107! mbar.
ARPES measurements were performed by using a Scienta
R4000 electron analyzer on beamlines 7.0.1 and 10.0.1
at the Advanced Light Source (ALS), Berkeley, Califor-
nia. The energy and momentum resolution were set to
~ 20 meV and ~ 0.3°, respectively. The polarization
vector was parallel to the plane on incidence and the k,
direction for all data shown.

The FP-LAPW method with the local density
approximation®* was used to calculate the theoretical FS
and band dispersions. To obtain self-consistent charge
density, we employed Ryt X kmax = 8.0 (the smallest
muffin tin radius multiplied by the maximum k value
in the plane wave expansion basis) with muffin tin (MT)
radii of 2.5, 2.2, and 2.2 ay (Bohr radius) for Eu, Rh, and
As, respectively. The calculations were carried out at 475
k-points in the irreducible Brillouin zone and the calcu-
lations were iterated to reach a total energy convergence
criterion of 0.01 mRy/cell. While in the paramagnetic
calculations the 4f electrons were treated as core elec-
trons, a local-density-approximation plus Coulomb po-
tential (LDA+U) method with U = 5 eV was used for
the 4f electrons in the antiferromagnetic calculations.

III. RESULTS AND DISCUSSION

The FS was measured using two different photon en-
ergies of 131 eV (Figs. 1 and 3) and 105 ¢V (Fig. 2).
They were chosen using a map along the kj—k, plane
centered at k ,(m/a) (i.e. k, dispersion map obtained
by scanning the photon energy — not shown). Note that,
in the photoemission process, the component of the mo-
mentum of the outgoing electron perpendicular to the
surface, i.e. k., is not conserved and creates an offset
with respect to the high symmetry points. This non-
conservation is due to the surface potential inherent in all
materials, which can be calculated by measuring a k, dis-
persion map and using k, = (1/h)y/2m(Excos20 + Vj),
where Fy is the photoelectron kinetic energy and Vj is
the inner potential. In the map, we observe a non-integer
k. value at the symmetry points as compared to the cal-
culations. Therefore, we included an energy shift (inner-
potential) into the k value calculations which aligns the
symmetry points to an integer k, value at the symme-
try point.3®3% In the present case, the offset or inner-
potential is estimated to be 8.9 eV, so that the k, values
for the two photon energies correspond to calculated ones
with best agreement of the calculated and measured band
dispersion.The two-dimensional FS plots of EuRhyAs,
are shown in Figs. 1(a) and 2(a) measured using pho-
ton energies hv =131 eV (k, = 3.5 7/c) and 105 eV
(k. = 1.15 m/c), respectively, which correspond to two
different symmetry points. It is quite remarkable that
the FS [Figs. 1(a) and 2(a)] of EuRhyAs, are very differ-




ent from those of AFesAsy (where A = Ba, Sr or Ca3”
as well as Eu®?:31), where both electron and hole pockets
are nearly nested.

Comparison of the measured ARPES data with theo-
retical calculations is vital for understanding the elec-
tronic structure of these materials. For this purpose,
we have shown the experimental FS map at 131 eV
(k, = 3.5 7/c) in the paramagnetic phase at 40K and
the corresponding FP-LAPW calculations around the T"
(0,0) point in Figs. 1(a) and 1(e), respectively. Both the
measured as well as calculated FS’s show two pockets
centered at the I' point and another pocket centered at X
(m, ). This agreement shows that the FP-LAPW calcu-
lations reproduce our ARPES data quite well. Although
the general shape of the pockets match, the size of these
pockets do not, where the pocket at I' is larger for the
measured one. Unlike the F'S at 105 eV (Figs. 2(a) and
2(e)), the F'S pockets at the X point in Figs. 1(a) and 1(e)
are quite similar without a significant matrix element ef-
fect. To examine the character of the FS pockets at the
I" and X points as measured using ARPES, which can
usually be easily determined by tracing the dispersions
of the associated bands, we compared the band disper-
sions along the symmetry points. The measured band
dispersions are shown in Figs. 1(b—d) and the calculated
band cuts are shown in Figs. 1(f-h). The symmetry cut
lines are mentioned in the respective plots in Figs. 1 and
2. It is clear that the bands observed at the I' and X
points show an electron-like nature. All the measured
band dispersions in Figs. 1(b-d) are in agreement with
the respective calculations in Figs. 1(f-h) in terms of the
shape. However, there are some differences in the size of
the F'S pockets. This is most likely due high sensitivity of
the energy position of individual bands to relative ionic
positions used in the calculation. It is likely that values
somewhere in between the relaxed and experimentally
measured ones would better fit the data.

To wunderstand the three-dimensional nature of
EuRhsAs, in detail, another photon energy hy = 105 eV
(k. = 1.15 w/c) was chosen where the FS was measured
and calculated [Figs. 2(a) and 2(e), respectively] along
the a-b plane, which also show two pockets centered at
I' and another pocket centered at the X points (Fig. 2).
The clearly visible crossing of the pocket centered at X
in the second Brillouin Zone (BZ) matches roughly the
shape of the calculated data, yet it is mostly not visi-
ble in the first BZ. This absence due to ARPES matrix
element effect where certain transition probabilities are
smaller and threfore observed.?® By comparing the mea-
sured band dispersions in Figs. 2(b—d) with the calcu-
lated ones in Figs. 2(f~h), the nature of these pockets is
clearly electron-like. Overall, the match between the data
and calculations is not as good as for the previous case.
For example we observe significant intensity at Ef close
to (=1.57/a,0.57/a), even though no FS crossing is re-
ported there in calculations. The exact energy locations
of individual bands in the calculations strongly depends
on the relative positions of ions, and is often difficult to

reproduce over whole 3D BZ. It is possible that small
adjustments somewhere between relaxed and experimen-
tal ionic positions would result in a better match. Note
that the FS of the AFeyAss-type superconducting pnic-
tides consist of closely nested pockets at I' and X,20:39-43
where the contributions from the Fe 3d orbitals domi-
nate. This is not the case for EuRhyAsy, where the FS
pockets are electron-like with the contributions mainly
from both Rh 4d electron bands at the I' point and As
4p electron bands at the X point.

Previous transport studies on EuRhsAsy?6 revealed
two transition or crossover temperatures. These are the
Néel temperature T ~ 47 K and the temperature where
the Hall coefficient changes sign at T ~ 25 K. Above
Tn, EuRhyAsy is in the paramagnetic body-centered-
tetragonal state. Below Ty, the Eu moments are ferro-
magnetically aligned within the tetragonal a-b plane and
nearly antiferromagnetic along the ¢ axis.?> The theo-
retical FP-LAPW calculations show a change in the FS
upon crossing Ty, shown in Figs. 3(a) and 3(b) in the
paramagnetic and antiferromagnetic phase, respectively.
The calculations show a reduction of the BZ below Tx
because the magnetic phase transition breaks the body-
centered symmetry and doubles the unit cell. However,
the ARPES data [Fig. 3(c) at 60 K and 3(d) at 40 K]
do not show any signature of this back-folding. This
might arise if the electrons do not couple to the ordered
magnetic moments of the Eu ions or presence of signif-
icant fluctuations.?!33 The Eu is divalent with seven 4f
electrons. The Eu 5d bands begin about 1eV above the
Fermi level, resulting in weak RKKY coupling and low
ordering temperature. Another possibility is that the AF
propagation vector in the k. direction could cause the
bands to overlap and hence no change would be present
in the FS measured in the a-b plane. A previous study
on EuRhsAss showed no significant change in resistivity
across Ty, while sharp transitions were observed at Ty
in heat capacity and susceptibility measurements.?” For
EuFesAss, it was shown that the Eu magnetic ordering
does not have significant influence on the pre-existing Fe
SDW ordering.3!

Another transition or crossover occurs in EuRhyAs,
where the Hall coefficient changes sign from negative
to positive at around 25 K,2% which is well below the
magnetic transition temperature. This sign change was
suggested to be a possible signature of temperature in-
duced carrier redistribution between electron and hole
like Fermi surfaces. In order to ascertain how the sign
change in Hall coefficient would effect the FS, we mea-
sured the FS above and below this temperature (Fig. 4)
i.e. at 44 K and 12 K| respectively. In Figs. 4(a) and 4(b),
we present the FS measured at 37 eV, while Figs. 4(c)
and 4(d) show the F'S measured at 51 eV. Surprisingly,
the data show no change in the FS between 44 K and
12 K. It possible that the changes in the FS related to
the Hall effect do occur for other values of k, than those
explored in this work.
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FIG. 2. (Color online) The FS and band dispersion plots, as defined in the caption of Fig. 1, except measured and calculated

at k. = 1.15 7w/c (hv = 105 eV).
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FIG. 3. (Color online) Comparison of the FP-LAPW calcula-
tions and the FS measured at k, = 3.5 7/c (hv =131 eV) by
ARPES above and below Tx ~ 47 K. Theoretically calculated
FS at (a) high temperature paramagnetic and (b) low tem-
perature antiferromagnetic states showing band back-folding
caused by a doubling of the unit cell when the sample goes
from a nonmagnetic body-centered tetragonal to a magnetic
tetragonal structure. Colors in panel b are used for clarity and
do not reflect particular orbital contributions. The measured
FS at (c) 60 K paramagnetic and (d) 40 K antiferromagnetic
states showing no change in the band structure.

IV. CONCLUSIONS

In conclusion, the Fermi surface of EuRhyAss has been
studied using ARPES and compared with the theoreti-
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FIG. 4. The FS of EuRhsAss above (44K) and below (12K)
the temperature where the Hall coefficient changes sign (~
25 K), plotted within + 20 meV of Er. The photon energy
and measured sample temperature are shown in each panel.

cal FP-LAPW calculations. The FP-LAPW calculations
map the general shape of the FS and band dispersion
quite well especially when compared to the high temper-
ature paramagnetic data. We observed the signature of
the three-dimensional nature of the F'S. Surprisingly, the
F'S data do not show any indication of the AF state be-
low the Tx implying a weak coupling between the Eu
and RhAs layers at least in the studied parts of the BZ.
Moreover, the sign change in the Hall coefficient below
25 K does not seem to correspond to visible changes in
the F'S at k, locations reported here. Notably, the band
structure of EuRhsAss is very different than AFe;Ass



compounds including EuFeyAs,3%:3! where the supercon-

ducting family has nested hole and electron bands cen-

tered at I' and X, respectively,?® whereas EuRh,As; has

electron bands centered at I' and X without nesting.
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