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Pressure effects on electronic structure and magnetic properties of iron-based supercon-
ductors FeSe;_,Te, (x =~ 0, 0.5 and 1.0) and LaFeAsO are investigated. The supercon-
ducting transition was observed at Tc = 8, 13.6—14.2, and 26 K in FeSey g3
FeSey sTey s, and LaFeAsOy ssFy.;, respectively. The intrinsic magnetic susceptibility y in
the series of FeSe 943 FeSeysTeys and Fele is found to increase gradually approximately
10 times as much with Te content. A kink in the low-field dependence of y(T) was detected at

Ty = 135 K for LaFeAsOy gsF ;. The electronic structures and paramagnetic suscepti-
bilities of the studied compounds are calculated ab initio in external magnetic field as a
function of atomic volume and structural parameter Z, which specifies the relative height
of chalcogen atoms above iron plane. The calculated field-induced magnetic moments
and their volume derivatives indicate that these systems are in a close proximity to a
quantum critical point. For FeSe and FeTe the calculated paramagnetic susceptibilities
reveal a large magnetovolume effect and a drastic sensitivity to parameter Z.
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Following the discovery of the iron-pnictide high 7 superconductors (SCs)
[1], a search for the new SCs extended to a variety of iron-based layered com-
pounds like ROFeAs («1111», R = rare earth metal), 4Fe,;Se, («122», 4 = divalent
alkaline earth metal), BFeSe («111», B = alkali metal), and simple FeSe(Te) mate-
rials («11»), which exhibited SC with transition temperatures 7¢ in the range of
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8-55 K [2-5]. Among iron-based SCs, FeSe;—,Te, chalcogenides are distin-
guished by their structural simplicity. Though SC with medium transition tem-

peratures about 7¢ =~ 8 K was observed for Se deficient FeSe compounds, the

partial replacing of Se with Te has provided 7¢ =~ 15 K at about 50% Te substitu-
tion [6]. Furthermore, the substantial enhancement of 7 was observed in FeSe

under high pressures, yielding the SC transition temperatures as high as 7¢ =~ 27 K
[7],34 K [8], 35 K [9], and 37 K [10]. Large pressure effects on T were also ob-
served for other iron-based SCs [3,11], suggesting an important role of the pres-
sure which provides a controlled modification of superconducting properties
without introducing the disorder effects by chemical substitution or doping.

There is growing anticipation that superconductivity is driven by spin fluctua-
tions due to proximity to magnetic instability in these compounds [2,12]. The itiner-
ant spin-density-wave (SDW) transitions were established in parent compounds of
the Fe-based SCs, which are resulted in relatively small ordered magnetic moments,
and in essentially non-Curie-Weiss behavior of magnetic susceptibility y with tem-
perature above Tspw [4,5]. On the other hand, the undoped FeTe compound is not
superconducting but magnetically ordered [6], and it was suggested that in FeTe the
local magnetic moments interact via short-range superexchange [4,5].

There is still a controversy regarding an interplay between electronic structure,
magnetism and superconductivity in the iron-based SC compounds. Therefore, fur-
ther studies of magnetic and superconducting properties and their evolution with
pressure can help to elucidate a mechanism of the superconductivity in the Fe-based
SCs. In particular, the studies of pressure effect on magnetic susceptibility of the
iron-based SC systems can shed more light on the nature of their magnetism. We
expect that corresponding pressure (or volume) derivatives of y are especially sen-
sitive to the mechanism of magnetic interactions. The main objective of this study is
to investigate atomic volume and pressure effects on magnetic properties of the
LaFeAsO and FeSe;—,Te, systems, which demonstrate a substantial pressure effect
on T¢. The corresponding ab initio calculations of the electronic structure and mag-
netic susceptibility are supplemented by analysis of available experimental data.

The experimental data on magnetic susceptibility behavior of iron-based SCs in
the normal state are still incomplete and contradictory [4—6]. In particular, the
magnetic behaviors of FeSe;—,Te, systems are substantially complicated by the
presence of magnetic impurities and secondary phases. Therefore, it is very im-
portant to obtain the intrinsic susceptibility of the Fe-based SCs, in order to verify
theoretical models, which can describe behavior of y at ambient conditions and
under pressure, and to elucidate effects of spin fluctuations.

In this work the polycrystalline LaFeAsOg gsFo.; and FeSe;—, Te, (x =~ 0 and 1)
samples were obtained by conventional solid-state synthesis. The single crystals

FeSe;  Te, with x =~ 0.5 and 1 were grown by slow cooling with the self-flux
method, and two series of samples have been prepared. The phase content of the
samples was checked by the X-ray diffraction method. Hereafter, we will refer to
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the polycrystalline and single-crystalline samples of FeSe;—,Te, as P and S, re-
spectively, followed by the series number. The dc magnetization studies were car-
ried out in the magnetic field up to 50 kOe and the temperature range 4.2—300 K
using a superconducting quantum interference device (SQUID) magnetometer.
For single crystals the magnetic field was applied along the tetragonal c-axis.

As seen in Fig. 1, the studied sample LaFeAsOy gsF | shows the superconducting

transition at temperature 7¢c =~ 26 K. For the normal state, the y(7) dependence,
measured in H > 1 T, appears to be relatively flat and roughly described by the
mean value of y,, ~ 5 10 * emu/mol. The peculiar feature of the low-field mag-

netic susceptibility of LaFeAsOy gsFy ;1 is a clear cusp at 7 ~ 135 K with a sharp
rise of y with cooling from 7, =~ 135 K to 7¢ =~ 26 K.

Fig. 1. Temperature dependences of dc
magnetic susceptibility of LaFeAsOg g5F¢ 1
in different magnetic fields A, T: o — 1.0,
A —2.0, 0—-0.02 [ZFC], e — 0.02 [FC];
Ty=135K

0 50 100 150 200 250 300
T.K

Our magnetization M(H) measurements on FeSe;_,Te, have revealed a rela-
tively large content of ferromagnetic (FM) impurities in the studied samples. In
high magnetic fields the M(H) dependences show a linear behavior with a slope
determined by the intrinsic magnetic susceptibility of the samples. By their ex-
trapolation to the zero field we have obtained the saturation moment values of FM
impurities in our samples, which fall in the range from 25 to 300 emu/mol, being
weakly dependent on temperature (see Table).

Table
Superconducting transition temperature T¢ (in K), FM impurity saturation magnetic
moment Mg (emu/mol) and host (intrinsic) magnetic susceptibility (10_3 emu/mol)
at room and zero temperatures for FeTe;_ySex compounds

Compound Tc Mg 290K S 0K
FeSep 963 (P) ~7 214 0.5+0.1 0.75+0.1
FeSegsTeps (S1) 13.5 280 1.3+0.2 1.45+£0.2
FeSegsTep.s (S2) 14.2 9 0.85+0.1 04+0.1
FeTeq 95 (P) - 24 2.7+0.2 2.65+0.2
FeTe (S1) - 103 2.9+0.2 3.6+£0.2
FeTe (S2) - ~0 57+£0.2 545+0.2
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Despite the pronounced FM impurities effects, the obtained magnetization data
made it possible to estimate with sufficient accuracy the host (intrinsic) magnetic
susceptibilities ynost for FeSe;—Te, samples from the slope of linear part of corre-
sponding M(H) dependence in high fields. The resulted values of ypost at some
fixed temperatures are shown by full circles in Fig. 2. In the figure we also present
the detailed ynost(7) data, which were obtained according to the equation

H(T) = Yoo (T) = (M(T) = M) /H , (1)

from temperature dependence of the magnetization M(7T) of FeSe;—,Te, measured
in magnetic field of 30 kOe. Here the saturation moment value Mg of FM impurity
is assumed to be constant and equal to its temperature-averaged value for a given
sample. The experimentally obtained basic superconducting and magnetic char-
acteristics of the FeSe|—,Te, samples are summarized in Table.

5
5 4t
g R Fig. 2. Temperature dependence of the host
\g 3t magnetic susceptibility for some FeSe;,Te,
o [ compounds: / — FeTe (S1), 2 — FeTeg o5 (P),
T 2T 3 — FeTegsSeps (S1), 4 — FeSegoes (P).
jE 1t i Full circles correspond to values derived
{ from the high-field magnetization data
0

0 50 100 150 200 250 300
T.K

To gain a further insight into magnetic properties of the iron-based SC systems
in the normal state, the ab initio calculations of the electronic structure and par-
amagnetic susceptibility are carried out for LaFeAsO, FeSe and FeTe parent com-
pounds within the density functional theory (DFT). The calculations were per-
formed for varying atomic volume at the corresponding experimental lattice pa-
rameter ratios c/a.

Under ambient conditions LaFeAsO and FeSe;—,Te, compounds possess the
tetragonal crystal structure (space group P4/nmm). The crystal lattice is composed
of alternating slabs, which are stacked along the c-axis. Each iron layer is sand-
wiched between two chalcogen/pnictogen layers, which form edge-shared tetra-
hedrons around the iron sites. The positions of As (or Se/Te) sheets are fixed by
the internal parameter Z, which represents the height of these atoms above the iron
square plane. This parameter also determines the chalcogen-Fe bond angles.
Crystal structure parameters of LaFeAsO and FeSe;—,Te, compounds were estab-
lished in a number of works by means of X-ray and neutron diffraction studies
[1,5-7].

The previous ab initio calculations of the electronic structure of the «1111»-
and «11»-type iron-based SCs were predominantly related to studies of the AFM
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Fig. 3. Total density of states of the par-
amagnetic FeSe around Er (solid line) and
the partial contribution of the iron d-states
(dashed line). The Fermi level position (at
0 eV) is marked by a vertical line

and SDW ordering (e.g. Refs. [12-14]).
In this work the electronic structure cal-
culations are carried out for LaFeAsO,
FeSe and FeTe compounds with the
aim to study a paramagnetic response in
an external magnetic field, and to elu-
cidate a nature of pressure effect on
paramagnetism and magnetic instabil-
ity. The ab initio calculations are car-
ried out by employing a full-potential
all-electron relativistic linear muffin-tin
orbital method (FP-LMTO, code RSPt
[15,16]). No shape approximations
were imposed on the charge density or
potential, what is especially important
for the layered crystal structures. The
exchange-correlation potential was trea-
ted within the local spin density appro-

ximation (LSDA, [17]) of the DFT.

The calculated basic features of electronic structure of LaFeAsO, FeSe and
FeTe are in a qualitative agreement with results of earlier calculations [12—14]. In
particular, the detailed density of states (DOS) N(E) of FeSe is presented in Fig. 3.
In the vicinity of the Fermi level Er the d-states of Fe provide the dominant con-
tribution to DOS in the range —2 eV and 2 eV around Er = 0. The p states of chal-
cogen/pnictogen atoms are predominantly extended in the interstitial region, and
their partial contributions to DOS in vicinity of Er are substantially smaller for
FeSe, FeTe and LaFeAsO. As seen in Fig. 3, in FeSe the Fermi level lies at the

steep slope of N(E) at the beginning of a pseudogap of about =~ 0.7 eV. The
evaluated for LaFeAsO, FeSe and FeTe volume derivatives dInN(E,)/dInV

are found to be positive and equal to 0.94, 1.25 and 1.42, respectively, suggesting
the decrease of N(Er) with uniform reduction of the unit cell volume.

The FP-LMTO-LSDA calculations of the field-induced spin and orbital (Van Vleck)
magnetic moments were carried out for LaFeAsO, FeSe and FeTe self-consistently
within the procedure described in Ref. [16] by means of the Zeeman operator

H, =p,H(28+1) )

which was incorporated in the original FP-LMTO Hamiltonian. Here H is the external
magnetic field, § and  — the spin and orbital angular momentum operators, respec-
tively. For the tetragonal LaFeAsO, FeSe, and FeTe the paramagnetic contributions
Xspin and Yorp, Were derived from the field-induced spin and orbital magnetic moments
calculated in an external field of 10 T, which was applied parallel and perpendicular to
the c-axis. The evaluated magnetic anisotropy, which is determined by the orbital con-
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tribution, appeared to be negligible. The orbital Van Vleck contribution itself is sub-
stantially smaller (about 10%) than the strongly enhanced spin susceptibility ¥spin.

The calculated behavior of the field-induced magnetization in LaFeAsO is pre-
sented in Fig. 4. Due to the close proximity of the induced spin-polarized state to
the spontaneous magnetic ordering for the experimental lattice parameters, the

calculated total magnetic moment rises to =~ 0.2up, which in fact is close to the

experimentally observed magnetic moment of 0.36u3 at Fe site in the AFM state
[5]. As seen in Fig. 4, the spontaneous spin polarization occurs in the field-induced
calculations at cell volumes above the theoretical value V| spa, whereas for V' < aj gpa
(approximately 6% lower than the experimental value), a paramagnetic response
was obtained. For the theoretical equilibrium volume the contributions yspin and
Yorb are found to be equal to 0.545-10 > emu/mol and 0.046:10 > emu/mol, re-
spectively.

Fig. 4. Magnetic moment induced in the
undoped LaFeAsO in the field of H=10T
as a function of the cell volume with c/a
and Z parameters fixed to their experi-
mental ambient pressure values. Dashed
vertical lines denote the calculated LSDA
equilibrium volume and the experimental
volume of LaFeAsO (from left to right)

| 1 | | - |
0 60 65 70

v, A

For FeSe and FeTe the magnetic response to the external field appeared to be
very sensitive to the height Z of chalcogen species from the Fe plane. The corre-
sponding calculated dependences of magnetic susceptibility for FeSe and FeTe are
given in Figs. 5 and 6, respectively. We can estimate the contributions to y of
FeSe as yspin = 0.55-10 > emu/mol and Yorb = 0.11-10 > emu/mol for the experi-
mental values of lattice parameters and Z (Z = 0.26 [7]). Therefore the calculated
field-induced magnetic moments are in agreement with the experimental suscepti-
bility of FeSe in the normal state (Table).

The itinerant nature of the hybridized 3d-states of Fe is an essential condition for
the field- induced calculations of paramagnetic susceptibility. There is a strong ex-
perimental support of this itinerant picture for FeSe, which is expected to be in a
non-magnetic spin-degenerate state [5]. For FeTe, however, a validity of the field-
induced calculations of y is questionable due to the expected more localized nature
of the 3d-states. Therefore, the calculations for FeTe are performed only for vol-
umes smaller than the experimental volume, and results of these calculations have to
be thoroughly verified by other methods, and compared with experimental data.
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Fig. 5. Calculated paramagnetic susceptibility of FeSe as a function of the internal lattice
parameter Z. The unit cell volume and c/a ratio are fixed to their experimental ambient
pressure values (78.4 A® and 1.464, [7]). The dashed line is a guide for the eye. The
dashed-dotted line corresponds to the experimental value of Z

Fig. 6. Calculated paramagnetic susceptibility of FeTe as a function of the internal lattice
parameter Z for LSDA optimized (87 A3) unit cell volume. The ¢/a ratio is fixed to the
experimental ambient pressure value (1.647 [7]). The dashed line is a guide for the eye
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The calculated for FeSe magnetovolume effect dIny/dIn}V is presented in Fig. 7.
It sharply increases with Z and reaches the values consistent with magnetovolume
effects in transition metals and compounds having substantially exchange-enhanced
paramagnetic susceptibility (e.g. Pd, Sc, TiCo, Ni3Al, YNis [16,18,19]). This means
that FeSe compound is on the verge of magnetic instability and close to a quantum
critical point, which can result in strong spin fluctuations.

Within the experimental errors, the obtained data in Table indicate a gradual
increase in magnetic susceptibility for FeSe;—,Te, system with increasing of tellu-
rium content. For FeTe compound the paramagnetic state is unstable, and conver-
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gence of the self-consistent field-induced LSDA calculations was actually ob-
tained only for reduced lattice parameters. This is especially relevant to parameter
Z, which had to be also reduced for about 10%. Therefore one should consider the
calculated paramagnetic susceptibility of FeTe in Fig. 6 as a rough estimation
which presumably allows to establish a trend for the effect of parameter Z. To
further address the question whether a qualitative agreement between the calcu-
lated x and experimental data for FeTe in Table I might be fortuitous, the detailed
study of pressure effect on y is highly desirable.

In conclusion, the superconducting transitions are detected at 8 and 13.6-14.2 K
in FeSego9¢3 and FeSegsTep s samples, respectively. Magnetic susceptibility of

FeSe;_,Tey (x =~ 0, 0.5 and 1.0) compounds was investigated in the temperature
range 4.2-300 K, and the intrinsic  in the series of iron chalcogenides FeSeg 963,
FeSe( sTep s and FeTe is estimated to increase gradually ten times as much with
Te content.

Ab initio calculations of the electronic structure and paramagnetic contributions
to susceptibility of FeSe compound have revealed that this system is in close
proximity to a quantum critical point, and this nearness can result in strong spin
fluctuations. The paramagnetic susceptibility calculated in external magnetic field
appears to be close to the experimental value for FeSe. These results point out that
itinerant magnetism theory is relevant to describe magnetic properties of FeSe
system. For both FeSe and FeTe, the LSDA calculated paramagnetic susceptibili-
ties reveal a large magnetovolume effect and a drastic sensitivity to the structural
parameter Z. Therefore, the experimental study of pressure effect on y would be
very useful to further address the question about a nature of paramagnetic state in
FeSe;—,Te,.

This work has been supported by the Russian-Ukrainian RFBR-NASU project
43-02-10 and 10-02-90409.
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BMNJMB TUCKY HA EJIEKTPOHHY BYAOBY TA MATHITHI
BIIACTUBOCTI HAAOMPOBIOHWKIB HA OCHOBI 3AJI3A
3 BUCOKMMU SHAHEHHAMU T¢

JocnikeHo BIUIMB THUCKY Ha €JIEKTPOHHY CTPYKTYpy Ta MAarHiTHI BJIAacCTHBOCTI Hal-
MpoBigHUKIB Ha ocHOBI 3amiza FeSej—,Te, (x = 0, 0.5 Ta 1.0) #i LaFeAsO. [lepexin B
HAAMPOBIMHUI cTaH B croinykax FeSepog;, FeSepsTegs 1 LaFeAsOqgsFg cro-

crepiraBcst BimnoBinHo nipu T¢c = 8, 13.6—14.2 ta 26 K. Buznaueno, mo npuramaHHa

CIIOJyKaM MarHiTHa CIPUHHSTIUBICTG ) B pagy FeSeq og3, FeSepsTeqg 5 it FeTe moctymo-
BO 30UTBIIYETHCA MPHUOIM3HO HA MOPAJOK BEMYMHHU 31 3pOCTAHHSIM KOHIIEHTpAIii Tely-
py. dns ciomyku LaFeAsOg gsFg 1 Ha BuMipsHii B cmabkomy moni 3anexHocTi x(7) BU-

SBJICHa OCOOJWBICTE Yy BHIVIAAI 37aMy moOmm3y Ttemmepatrypu 1p, =~ 135 K. s
JOCITIKYBAHUX CITOJIYK 3MIMCHEHO ab initio po3paxyHKH €JIEKTPOHHOI CTPYKTYpH ¥ ma-
paMarHiTHOI CIPUUHSATIMBOCTI B 3aJICKHOCTI BiJl aTOMHOTO 00’€MY 1 CTPYKTYPHOIO Ia-
pameTpy Z, 0 BU3HAYAE BHCOTY aTOMIB XaJbKOT'€HY BiJIHOCHO IUIONIMHY aTOMIB 3aii3a.
Po3paxyHku iHIyKOBaHMX IOJIEM MAarHiTHAX MOMEHTIB Ta iX 00’€MHHX HOXiJHHX BKa3y-
I0Th Ha OJNM3BKICTh LIMX CIIOJNYK N0 KBAaHTOBOi KpHTHYHOI Toukw. Jlns cnomyk FeSe it
FeTe po3paxoBani mapamarHiTHi CIPUAHSATIMBOCTI BUSBISIOTh 3HAYHHIA MarHiTo00’ €M-
HUI eeKT Ta eKCTpeMalIbHY Yy TIHBICTh JI0 apameTpy Z.

Karwuosi cioBa: FeAs-naanposinauku, FeSe(Te)-cnonyku, edext THcKy, HamarHiue-
HICTh, CJICKTPOHHA CTPYKTYpa
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BIIMAHWE OABJIEHVNA HA SJNIEKTPOHHYIO CTPYKTYPY
N MATHUTHBIE CBONCTBA BbICOKOTEMMEPATYPHbIX
CBEPXIMPOBOAHNKOB HA OCHOBE >XEJIE3A

Wzyuensl >¢¢eKTsl OaBaeHHs Ha 3JCKTPOHHYIO CTPYKTYPY M MarHMTHBIC CBOWMCTBa

CBEpXIIPOBOJIHUKOB Ha ocHOBe kene3a FeSej—_, Te, (x =~ 0, 0.5 u 1.0) u LaFeAsO. Ilepe-
X0l B CBEpPXIPOBOJSIICE COCTOsHUE B coenuHeHusix FeSegoggs, FeSepsTegs u

LaFeAsOy gsF¢.1 Habmromancst coorBeTcTBeHHO Tipu T = 8, 13.6—14.2 u 26 K. Ycranos-
JIEHO, YTO MPHUCYLIAsi COCAUHEHUSIM MarHUTHasE BOCIPUUMYMBOCTH y B psiay FeSeg.os3,
FeSeg 5Tep s u FeTe MOHOTOHHO BO3pacTaeT MpUMEPHO Ha MOPSAOK BEIUYUHBI C IOBBIILIE-
HUeM KoHIIeHTparun tetypa. s coeaunenns LaFeAsOg gsFg | B m3mMepeHHol B criaboM

noste 3aBucumoctH x(7) Obuta 0OHapyXeHa 0COOEHHOCTh B BHAE n3ioma npu 1y =~ 135 K.
s nccnepyeMbIX COeqUHEHHH BBITIONHEHBI ab initio pacueThl AIEKTPOHHOW CTPYKTYPHI
U TapaMarHUTHOW BOCIIPUHUMYHUBOCTH B 3aBHCHMOCTH OT aTOMHOI0O 00bEeMa M CTPYKTYp-
HOTO napamerpa Z, KOTOPBIA ONpeAessieT OTHOCUTENIBHYIO BBICOTY aTOMOB XaJbKOT€HA
HaJ| IUIOCKOCTBIO Kele3a. PacueTsl MHIyUPOBAaHHBIX [10JIE€M MAarHUTHBIX MOMEHTOB M UX
00BEMHBIX MTPON3BOAHBIX YKA3bIBAIOT HA OIU30CTH ATHX COCAMHEHWH K KBaHTOBOW KpH-
Tyeckoit Touke. Jlns coenunennit FeSe u FeTe paccuntanHble mapamMarHuTHbIE BOCTIPH-
UMUYUBOCTH CBUAETEIBCTBYIOT O 3HAYUTEIBHOM MarHUTOOOBEMHOM 3(Q(EKTe U CHIBHOM
YYBCTBUTEJIBHOCTH K CTPYKTYPHOMY IapaMeTpy Z.

KaroueBsle cnoBa: FeAs cepxnpoBoanuku, FeSe(Te)-coenuuenus, 3¢ dexT aaBiaeHus,
HAMarHUYE€HHOCTD, JJIEKTPOHHAS CTPYKTYpa
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