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The compound SrCo2P; is a Pauli paramagnet very close to ferromagnetic order. To study its
electronic structure in close vicinity to the Fermi level, we report measurements of the de Haas-
van Alphen effect in magnetic fields up to 35 T in combination with density-functional-theory
band-structure calculations in different approximations. The resulting electronic band structure not
only depends significantly on the choice of the functional, but also crucially on the exact values
of the structural parameters that have been determined at low temperatures by synchrotron x-ray
diffraction. We find the best correspondence between the measured and calculated de Haas-van
Alphen frequencies for the general gradient approximation functional and the structural parameters
that were determined at 10 K. Although SrCozP» crystallizes in the uncollapsed tetragonal structure
with a large P-P distance between the CosP2 layers, we observe a rather three-dimensional Fermi-
surface topology. We obtain a mass-enhancement factor of about two deduced from the ratio between
experimental and calculated quasiparticle masses. The temperature dependence of the structural
parameters leads to a significant reduction of the electronic density of states at the Fermi level and,
in comparison with the measured Sommerfeld coefficient, to an overall mass renormalization in line

with our experiment.

INTRODUCTION

The metallic compounds that crystallize in the
ThCrsSiy structure, such as some iron-based super-
conductors, exhibit a large variety of magnetic and
electronic properties including quantum criticality and
heavy-fermion behavior [1, 2]. They generally have
the form AT, X5, with A being a rare-earth, alkali, or
alkaline-earth metal, T" being a transition metal, and X
an element from the carbon or nitrogen group. Two im-
portant parameters, that determine the magnetic proper-
ties and the occurrence of superconductivity in these sys-
tems, are the distance dx_x and the X position within
the T X, layers.

The bonding between the T5 X5 layers in these systems
varies with the distance dx_x from unbound for large
dx_x to a fully developed X—X bonding for small dx_x
[3]. The former case, the uncollapsed tetragonal (ucT)
state, usually has a two-dimensional electronic structure,
while the strong X—X bonding in the collapsed tetrago-
nal (cT) structure pulls the 75 X5 layers together leading
to a more three-dimensional Fermi surface (FS) [4-6]. A
transition between the two states, induced by pressure
or chemical substitution [7, 8], can change the physical
properties strongly. CaFegAss, for example, becomes su-
perconducting after a structural phase transition from
ucT to ¢T under a pressure of 0.35 GPa [9, 10] imply-
ing that the strength of the bonding in AT X5 materials
plays an important role in the emergence of supercon-

ductivity [11].

The pnictide position, expressed in the distance zx
and the T-X bonding angle, varies on a smaller scale
than dx_x, but it also has a decisive influence on the
electronic properties of the material. For example, in
the superconducting iron arsenides a small variation of
the bonding angle or the height of As to the Fe planes
can alter the superconducting critical temperature sub-
stantially [12, 13], which reaches its highest value in
NdFeAsO;_, for a regular tetrahedron of the FeAs, pyra-
mids [14].

The bond angle in the transition-metal-pnictide layers
might also play an important role in the occurrence of
magnetic order. For example, the arsenides, where this
angle is close to the ideal value of 109.47°, order magnet-
ically whereas the pnictides, that have a bond angle that
differs from this optimum, do not order [6].

SrCos P2 belongs to the family of AT5Xs compounds
and has a ucT structure with a large distance dp_p of
3.425 A at 10 K. The unit cell is shown in the inset of
Fig. 1(a). SrCosP3 does not become superconducting
and shows a Stoner-enhanced Pauli paramagnetism being
nearly ferromagnetic [8]. In 2010, Jia and Cava reported
that ferromagnetism in SrCosPs can be induced upon
substitution of Sr by La, placing the compound close to
a quantum critical point [15].

Besides from low-temperature specific-heat measure-
ments, the density of states (DOS) close to the Fermi
energy E'r, that determines the electronic and magnetic



properties of metals, is accessible by measurements of
the de Haas-van Alphen (dHvA) effect combined with
electronic band-structure calculations. For layered sys-
tems, such as SrCosP3, such calculations might particu-
larly depend on calculational details because of the pres-
ence of electronic singularities connected to the low di-
mensionality of the compound. In the case of SrCosPs,
band-structure calculations applying the local density ap-
proximation (LDA) rather well compare with dHvA ex-
periments [16]. The corresponding Co-dominated DOS
shows a well-pronounced narrow peak in close vicinity to
the Fermi level. In sharp contrast, such peak is absent
in another calculation, applying the general gradient ap-
proximation (GGA) in a different calculational setup (for
details see technical section of Ref. [17]). Since the DOS
and the underlying band structure near the Fermi level
and the Co-related contribution is crucial for conclusions
about the magnetic properties of a system, in particular
on the verge of ferromagnetism, a reinvestigation in this
aspect seems desirable. However, in addition to the de-
pendence on the exchange-correlation potential [18, 19],
for reliable results various parameters are required to be
known precisely, such as the lattice parameters and inter-
nal positions of the atoms. This stimulated us to carry
out low-temperature synchrotron x-ray diffraction exper-
iments to obtain reliable structural input parameters for
our calculations.

In this paper, we conducted dHvA-effect measure-
ments in high fields up to 35 T that reveal the F'S topol-
ogy of SrCosP5 in order to resolve the DOS close to Ep
and its role concerning the occurrence of magnetic or-
der. By comparing the experimental dHvA frequencies—
including several previously not observed frequencies
[16]—to those from band-structure calculations (using
the experimentally determined low-temperature lattice
parameters and different functionals), we identify the cal-
culation that fits the data best. From that, we draw
conclusions about the DOS at the Fermi energy that al-
low to discuss, for example, many-body interactions in
SrCosPsy.  As expected, the band structure is strongly
influenced by the exact value of the Wyckoff position of
P, that yields the distance zp between Sr and P or dp_p
between P and P along [001], respectively. This value is
temperature dependent which results in an implicit tem-
perature dependence of the band structure, that, in the
present case, leads to an extraordinarily strong change of
the DOS at EF.

METHODS

We prepared SrCosP5 single crystals in tin flux with a
residual resistivity ratio p(300 K)/p(2 K) of 80. We mea-
sured the dHvVA effect of SrCosP5 by use of the capacitive
torque method in fields up to 18 T and at temperatures
down to 30 mK in a dilution refrigerator at the Dresden

TABLE I. Lattice parameters of SrCo2P2 at 10 K determined
by using powder x-ray diffraction at the ESRF and at 300 K
from Ref. [21].

10 K 300 K

c (A) 11.6249 11.610
a (A) 3.7764 3.794
c/a 3.078 3.060
zp (A) 4.100 4.092

High Magnetic Field Laboratory (HLD). Although we ob-
tained a wide spectrum of dHvA frequencies during these
measurements, we did not observe any of the frequencies
below 500 T that were predicted by band-structure cal-
culations. Extending the field range gives the chance to
detect these missing frequencies and, at the same time,
allows for a higher dHvA-frequency resolution. There-
fore, we conducted further dHvA experiments at higher
fields up to 35 T at the Laboratoire National des Champs
Magnétiques Intenses in Grenoble, France, and in fields
up to 33 T at the High Field Magnet Laboratory in Ni-
jmegen, The Netherlands. We fixed the samples on CuBe
cantilevers using vacuum grease. The torquemeter itself,
mounted on a rotator, allowed us to determine the an-
gular dependence of the dHvA oscillations. We rotated
the sample relative to the applied magnetic field around
the b axis (angle of rotation 6p10), around the ab axis
(0110), and around the ¢ axis (6gp1). We were able to de-
tect quantum oscillations in the signal for all investigated
directions.

The measurement of dHvA oscillations at different
temperatures allows for the experimental determination
of the effective masses according to the Lifshitz—Kosevich
formula [20]. We performed these measurements in the
dilution refrigerator at the HLD at different angles and
the obtained effective masses were compared to calcu-
lated band masses.

Besides the lattice parameters, a measure for the
above-mentioned bond angle is the phosphorus position
reflected in the distance z, between P and Sr (see the
structure in the inset of Fig. 1). Since the dHvA ex-
periments are carried out at low temperatures, we per-
formed powder x-ray diffraction at the beamline ID22 at
the European Synchrotron Research Facility (ESRF) in
Grenoble using a wavelength A = 0.39997A at 10 K. This
allowed us to obtain precise structural input for the DFT
calculations.

We carried out electronic band-structure calculations
for SrCosPs using the full-potential local-orbital code
(FPLO, version 15.02) [22, 23]. We selected the local
(spin) density approximation (L(S)DA) with the Perdew
and Wang flavor [24] and the generalized gradient ap-
proximation (GGA) with the Perdew—Burke-Ernzerhof
flavor [26] of the exchange and correlation potentials. As
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FIG. 1. (a) Total and atomically resolved partial density of
states for SrCo2P2 calculated by use of the FPLO code with
GGA functional and lattice parameters at 10 K. The inset
shows the crystal structure of SrCosP2 with the distance
dp_p of 3.425 A. (b) Zoom of the total DOS around Erg
calculated using the LDA and GGA functionals with lattice
parameters at 10 and 300 K. Note that, for better represen-
tation, the y axis does not start at zero.

lattice parameters, we applied the results listed in Table
I [25]. To describe accurately potential singularities in
the band structure (see Fig. 6 in Ref. [16]), we used a
very fine 60 x 60 x 60 regular k-point mesh with resulting
14671 points in the irreducible part of the Brillouin zone
to obtain well converged results with respect to the DOS
and the band dispersion.

RESULTS

Band-structure calculations

Figure 1(a) shows the total density of states (black
line) and the partial contributions of the elements (col-
ored lines) calculated by use of the GGA functional and
the lattice parameters at 10 K. Independent of the details
discussed in the following, our calculated DOS agrees well
with Ref. [16] with respect to bandwidth, shape, and the
contribution of the different elements, in particular near
the Fermi energy. Since both LDA and GGA functionals
yield similar peaks at the Fermi level, we assign the dis-
agreement with the calculations in Ref. [17] to the likely
much too small k-point sampling therein. We note that
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FIG. 2. (a) Torque signal as measured at 6110 = 4 deg up
to 34.5 T (red line, right axis) and the oscillating part of the
torque signal after background subtraction (black line, left
axis). (b) dHvA frequency spectra for fields applied along the
c direction after Fourier transformation of the background-
subtracted torque signal between 14 and 18 T for selected
temperatures. (c) Zoom on the torque signal around 17.6
T at 50 mK, 670 mK, and 1.25 K. (d) Amplitude of the «
frequency between 50 mK and 1.25 K (black squares) and the
corresponding fit using the Lifshitz—Kosevich formula (green
line) [20].

also the width of the valence band therein is significantly
different from Ref. [16] and our calculations. In Fig. 1(b),
we show the DOS calculated using LDA in comparison
with GGA for the lattice parameters determined at two
temperatures (10 and 300 K). It is worth noting that the
peaks in the DOS appear extremely close to the Fermi
level, originating from almost dispersionless features in
the band structure on the lines I' — X and Y7 — Z (com-
pare Fig. 5).

Depending on the used functional and lattice param-
eters this peak may lie directly at Er or slightly above.
This implies that the adequate choice of the functional
and the structural parameters are crucial for an under-
standing of the appearance or absence of magnetism in
the material. Indeed, the DOS at Er is highly sensitive
to the chosen parameters and varies by about a factor
of almost two. When changing the temperature from
300 to 10 K, the DOS at Er reduces to about 69 % of
its room-temperature value (both calculations with the
GGA functional).

We should mention that fully relativistic calculations
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FIG. 3. Angular dependence of the experimentally observed
dHvA frequencies (symbols) and of the calculated extremal
Fermi-surface cross sections (lines) in SrCosP2. For the cal-
culations, we used the GGA functional and lattice parameters
determined at 10 K (GGA1o). The line colors correspond to
the FS colors shown in Fig. 5(b).

including spin-orbit coupling do not change the band
structure close to Er. In order to decide which of the
calculations fits best with reality a comparison with ex-
perimental data is needed. For that, we performed com-
prehensive dHvA studies.

Torque magnetometry

Figure 2(a) shows typical as-measured (red line) and
background-subtracted data (black line) of the torque
signal up to 34.5 T at 6119 = 4 deg. The back-
ground changes considerably reflecting the strong para-
magnetism in SrCosPs.  Nevertheless, we can resolve
clear dHvVA oscillations even on the as-measured data
that become more prominent after background subtrac-
tion. Figure 2(b) shows the spectral distribution of the
dHvA frequencies at 0p190 = 0 deg (field along the ¢
direction). We obtained the spectrum with four main
peaks by fast Fourier transformation of the oscillating
part of the measured signal presented in Fig. 2(c) for a
narrow field range around 17.6 T. We show the effect
of temperature on the dHvA signal for three different
temperatures in Figs. 2(b) and 2(c). We can nicely de-
scribe the temperature-dependent dHvA amplitude by
using the Lifshitz—Kosevich formula [20] as shown in Fig.
2(d) for the amplitude of frequency «. From this fit, we
obtain an effective mass of m* = 4.2m,, with m, as the
free-electron mass.

In Fig. 3, we show the angular dependence of the ex-
perimentally determined dHvA frequencies (symbols) to-
gether with the calculated frequencies using the GGA
functional and structural parameters at 10 K (lines). We
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FIG. 4. Comparison between results of the calculation us-
ing the GGA functional with structural parameters at 300
(dashed lines) and at 10 K (solid lines), together with the
angular-dependent experimental data shown already in Fig.
3. The (dark) red line colors correspond to calculated ex-
tremal areas of band 35, blue for band 36, and orange for
band 37. The latter does not appear for the GGA with 10 K
parameters.

observe several dHvA branches with frequencies between
0.4 and 10 kT labeled with Greek letters. These branches
are caused by extremal orbits on Fermi surfaces from two
bands crossing the Fermi energy. The color coding of the
experimental data is according to these two bands and
will be discussed in the following paragraph. We state a
very good correspondence between our experimental data
and those published in Ref. [16] apart from smaller devi-
ations and our ability to observe dHvA oscillations of the
branch §, not seen in Ref. [16]. We did not observe low
dHvA frequencies of less than 400 T, such as those of the
frequency branches X and Y, probably due to the strong
magnetic background in the torque signal [see Fig. 2(a)].
This background is fit by a polynomial, which then is
subtracted from the raw data. For a strong background
a high-order polynomial is needed, which may lead to a
subtraction of slow oscillations with weak amplitude from
the signal.

Sensitivity to functionals and structural parameters

As mentioned, the adequate choice of the functional as
well as the structural parameters is essential for a proper
theoretical description of the band structure. Figure 4
shows the experimental data compared to band-structure
calculations using the GGA functional performed with
the structural parameters at 300 and 10 K given in Ta-
ble I. We achieve a better correspondence with using the
data derived from the low-temperature structure, espe-
cially concerning the size of the 8 orbit (see also Fig. 3).
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FIG. 5. (a) Band dispersion of SrCozP2 near the Fermi en-
ergy calculated using two different potentials: GGA (full lines,
GGA1o) and LDA (dashed lines, LDA1p), both with using the
10 K lattice parameters. In the former case, two bands, 35
(red) and 36 (blue), cross EF, for the latter case, three bands,
35 (red), 36 (blue), and 37 (orange), cross Er. (b) Calculated
Fermi surfaces for bands 35 (red) and 36 (blue) using GGA1g.

For the 300 K data a third band (band 37) crosses the
Fermi energy and leads to small pockets with frequencies
that lie between 100 and 1000 T and that have not been
observed experimentally.

When using the GGA functional and the 10 K lattice
parameters, there are two bands crossing the Fermi en-
ergy, shown in Fig. 5(a). We show the corresponding FS
sheets in Fig. 5(b). Band 35 leads to a rather complicated
FS structure (red) of four strongly warped cylinders in
the first Brillouin zone (BZ), which are cut through by
holes perpendicular to the cylinder axes. This FS has
a holelike character. The second F'S sheet (blue) results
from band 36 and consists of a deformed cylinder that is
distributed over the corners of the BZ, of a closed pillow
around Z, and a small ellipsoid at roughly half the way
from the center to the BZ corner. The FS from band 36
is electron-like.

By comparing the experimental data to the calculated
frequencies and F'Ss, we can assign the different extremal
orbits to the measured frequency branches. Frequency
a clearly follows a 1/cos(#) behavior corresponding to
the cylindrically shaped FS sheet (band 36) in Fig. 5(b).
We can assign the smaller pillow from the same band to
frequency . All other observed frequencies (v, J, O, v,
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FIG. 6. Comparison between results of the calculation with
GGA (solid lines) and LDA (dashed lines) functionals for
structural parameters obtained at 10 K.

7, ®) originate from the multiply connected FS of band
35.

In order to investigate the influence of the func-
tional, we performed FPLO calculations using the low-
temperature (10 K) structural parameters and a different
functional, LDA. Figure 5(a) shows the dispersion of the
energy bands close to the Fermi energy calculated for the
GGA and LDA functionals with 10 K structural param-
eters. For the LDA functional, too, a third band crosses
the Fermi energy (band 37, plotted in orange) and leads
to a small F'S sheet in the corners of the BZ (not shown).
The frequencies that correspond to the extremal areas
of this FS are absent in the dHvA experiment as the
comparison in Fig. 6 shows. Especially for fields aligned
along [110], the calculations predict dHvA frequencies up
to about 1000 T that should easily be observable.

Following the temperature dependence of the dHvA os-
cillation amplitudes, we determined the effective masses
of the quasiparticles on experimentally observed orbits
as described above and shown, for one example, in Fig.
2(d). Table II lists the experimentally determined ef-
fective masses with corresponding dHvA frequencies as
well as calculated masses (using GGA functionals with
10 K structural parameters) and the corresponding mass-
enhancement factors for different angles. The cylinder
(orbit @) of band 36 shows effective masses between four
and six free electron masses, the pillow (orbit 8) shows
masses between 0.8 and 2.7 m,., and the masses of the
quasiparticles of band 35 lie between 0.8 and 4.2 m..
The mass-enhancement factor is about 2 in average.



TABLE II. Experimentally determined dHvA frequencies
(Fezp) and effective masses (m*) of SrCozP: for different
angles together with the calculated frequencies (Frqic) and
bare band-structure masses (my;) with corresponding mass-
enhancement factors (m*/my) using the GGA functional and
lattice parameters at 10 K. The naming of the orbits is ac-
cording to Fig. 3.

Experiment Calculations

Orbit  Fegp (KT) m* (me) Feare (KT) mp (Mme) m*/my

B[ [001] (G010 = 0110 = 0°)

« 6.615 4.2(1) 6.838 2.26 1.9
8 2.457 2.7(2) 2.317 1.14 2.4
ol 1.197 1.58(3) 1.239 0.8 2.0
1) 0.468 0.384
Bo10 = 33°
« 8.258 6.1(2) 8.252 3.43 1.8
3 1.004  1.2(1)  0.957 0.65 1.9
1) 0.558 4.1(4) 0.462 1.13 3.6
e 4799 4.2(7) 4.800 2.9 1.5
[} 1.451 0.94(11) 1.257 0.57 1.6
Oo10 = 72°
3 0.648  0.83(5)  0.586 0.42 2.0
¥ 3.024 1.9(1) 2.980 1.11 1.7
7 1368 1.30(6)
[} 1.188 0.84(3) 1.028 0.44 1.9
0110 = 86°
3 0632  LI(1) 0612 0.37 3.0
[0} 1.853 147(4) 1.737 0.97 1.8
DISCUSSION

We obtain the best correspondence between experi-
ment and theory for the calculation using the GGA func-
tional in combination with the experimental structural
data at 10 K. A deviation in the size of the FSs from
the experimental results appears when either using GGA
with the 300 K or LDA with 10 K lattice parameters.
But, more importantly, for all other calculations apart
from GGA with 10 K parameters, a third band crosses
the Fermi energy leading to a F'S that has not been ob-
served experimentally. In consequence, this means that
the DOS at Er at 10 K is significantly reduced compared
to the room-temperature structure. The Co 3d-related
partial DOS is reduced to a value of about 1.3 states per
eV, Co atom. and spin. This reduced value is only mod-
erately above a simple estimate for ferromagnetic order-
ing in a Stoner-like picture, where a 3d DOS of about 1
state per eV, Co atom, and spin should induce band ferro-
magnetism. The absence of band ferromagnetism in the
material might be related to the quasi-two-dimensional
elements in its electronic structure, competing different
magnetic ordering vectors or simply to the incomplete de-
scription of many-body effects in the framework of DFT.

Although the FS of SrCoyPs; has pronounced two-
dimensional elements, namely the cylinders of band 36, it
also displays three-dimensional features such as the pil-
low and small ellipsoid of band 36 and the rather evolved
FS topology of band 35 with the holes perpendicular to
[001]. This is rather unusual for a system with such
a long distance dp_p of 3.425 A. SrFe,Ps, for exam-
ple, has the same structure and a comparable distance
between the transition metal and the phosphorus atom
along [001] (3.434 A) but possesses a much more pro-
nounced two-dimensional FS with corrugated cylinders,
sometimes, however, with strong warping [6]. In nei-
ther of the two compounds FS nesting or hints towards
a magnetic instability has been observed. Consequently,
superconductivity with s+ pairing is not to be expected
either.

For nearly ferromagnetic materials, it has been re-
ported that some dHvA frequencies show a field-
dependent splitting [27-29]. Although we observe the
two closeby frequencies ® and ®’, that can be seen in
Fig. 3(a) for Ogo1 and 90° > 6110 > 75°, this splitting
is neither field nor temperature dependent. The origin
of these double peaks is unclear but could be due to a
slight misalignment of layers that are stapled along the
[001] direction.

We find effective masses between about one and four
free electron masses when the magnetic field is applied
parallel to the ¢ axis (Table II). Compared to the cal-
culated masses, the experimental masses are larger by
roughly a factor of two. This compares well to the mass
enhancement estimated from the measured and calcu-
lated Sommerfeld coeflicient v of the electronic part of
the specific heat. Using the value of 6.9 states/(eV f. u.)
for the DOS at Er (GGA functional, 10 K, see Fig. 1),
results in Yeqe ~ 16 mJ/(molK?). Combined with the
experimental value of v ~ 40 mJ/(molK?) [8, 16], we
estimate a mass enhancement of 2.5, averaged over all
bands and orientations. This evidences an appreciable
renormalization due to many-body interactions and may
indicate the closeness to a magnetic ground state.

CONCLUSIONS

Our detailed FS study of SrCosPsy by use of density-
functional-theory band-structure calculations showed an
extreme sensitivity of the DOS at Er on structural pa-
rameters and the chosen functionals. Our dHvA results
are in excellent agreement with calculations using the
GGA functional and 10 K lattice parameters. This re-
veals a strongly reduced, rather modest DOS at Er which
suggests why SrCosP5 does not order ferromagnetically.

The knowledge on the high sensitivity of the band
structure on subtle lattice-parameter changes allows, in
principle, for a directed modification of the electronic
properties. An increase of the DOS at Er and, con-



sequently, inducing ferromagnetism should be possible
by decreasing the ¢/a ratio, i.e., by the application of a
moderate uniaxial strain decreasing the ¢ axis (see Table

).
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