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We study the ab-plane resistivity and Hall effect in the single crystals of Fe,_,M,Teg.655€0.35, where M = Co
or Ni (0 <y <0.21). In case of each dopant two types of crystals, with different crystalline quality, are prepared
by Bridgman’s method using different cooling rates, fast or slow. The impurities suppress the superconducting
transition temperature, 7., with different rates. 7T, reaches zero at markedly different impurity content: only
3 at.% of Ni, and about 14 at.% of Co. In addition, the suppression is somewhat dependent on the crystal cooling
rate. The resistivity at the onset of superconductivity rises only weakly with the Co doping, while it increases 10
times faster for Ni. The Hall coefficient Ry is positive for Co doping indicating that hole carriers dominate the
transport. For Ni Ry changes sign into negative at low temperatures for crystals with the Ni content exceeding

6 at.%. The implications of these results are discussed.
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1. Introduction

Recently, the iron-based superconductors (IS) have
emerged as a new class of materials with superconducting
mechanism likely related to spin fluctuations [1]. Many
studies are devoted to tuning the properties of the IS by
substitutions, either isovalent, expected to be potential
scatterers, or heterovalent, leading to doping of carriers.
However, since the IS are multiband materials, the effect
of substitutions on the phase diagram may be quite com-
plex. An example is the heterovalent substitution of the
transition metals into Fe-site, which has been thoroughly
researched in pnictides [2—4]. In BaFeyAss such substitu-
tions shift the Fermi level, but also reconstruct the Fermi
surface [5]. The shift of the chemical potential, and also
scattering by disordered impurities, are predicted by the-
oretical studies [6].

In the present work we study the transition metal sub-
stitutions into Fe-site in iron chalcogenides. While sev-
eral such studies have been reported, they have been done
for a limited impurity contents [7-9]. The FeTe;_,Se,
system is more complicated than BaFe;As, for two rea-
sons. First, two types of magnetic correlations exist
throughout the phase diagram [10-12]. The parent com-
pound Fe;;sTe shows the long-range antiferromagnetic
(AFM) order with (7, 0) wave vector, which is suppressed
upon doping with Se. Instead, the (7, 7) spin resonance
emerges in the superconducting region, likely involved in
the superconducting mechanism. However, in the inter-
mediate region between the AFM and superconducting
phases, the (7, 0) magnetic fluctuations survive on a local
scale, competing with superconductivity, and probably
leading to incoherent scattering of carriers [12].

The second complication arises from inhomogeneities
in the FeTe;_,Se, crystals, which frequently grow either
with the excess of Fe, or with Fe vacancies. The excess
Fe occupies interstitial positions and magnetic clusters
are formed around them, enhancing the (7,0) magnetic
correlations and suppressing superconductivity [13]. The

Fe vacancies may also cluster, forming inclusions of non-
superconducting Fez(Te-Se)s phase [14].

The crystals of FeTe;_,Se, with x = 0.5 are optimal
for supercondutivity. However, two tetragonal phases
with slightly different Se content have been observed at
this z [15]. On the other hand, it has been shown that
the crystals with = 0.35 may be grown as a single-
phase material, and out of 18 elements that have been
examined, only Co, Ni and Cu are properly substituted
into the host matrix [16]. In the present study we there-
fore evaluate the influence of Co and Ni impurities on the
transport properties of FeTeg ¢5S5€eg.35.

2. Experimental details

The single crystals of Fe;_,M,Teq s55€9.35 with M =
Co or Ni, and y up to 0.21, have been grown using Bridg-
man’s method, as previously described [16]. Two batches
of crystals have been prepared, using identical growth pa-
rameters except for the velocity of crystallization, equal
to above 15 mm/h and 1.2 mm/h, which we call hence-
forth fast-cooled (FC) and slow-cooled (SC) crystals, re-
spectively. These crystals are of different crystalline qual-
ity: while the cleavage plane is mirror-like in SC crystals,
it is much inferior in the FC samples [14]. The quantita-
tive point analysis, performed by energy dispersive X-ray
(EDX) spectroscopy, shows that Co and Ni effectively
substitute Fe and their contents are close to the nominal.
The average Fe+M content is 0.99(3). The ratio Te:Se is
also close to the nominal. X-ray powder diffraction indi-
cates P4/nmm tetragonal matrix with small amount of
Fe304 and Fer(Te-Se)s phases, which are often present
in such crystals [14, 16, 17]. High resolution transmission
electron microscopy shows that Fe;(Te-Se)s inclusions in
SC crystals have larger size than the ones formed in FC
crystals, although their volume fraction is the same [14].

The ac magnetic susceptibility is measured with mag-
netic field amplitude of 1 Oe and a frequency of 10 kHz
in warming mode (field orientation has no effect on the
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superconducting transition temperature, T.). The trans-
port properties are studied in the temperature range from
2 to 300 K using Physical Property Measurement System
(Quantum Design) by four-probe method. The resistiv-
ity is measured in the ab-plane in zero magnetic field,
and the Hall effect is studied by AC method and in the
magnetic field up to 9 T, directed parallel to the c-axis.

3. Results and discussion
3.1. Resistivity

Figure 1 shows the T-dependence of the ab-plane resis-
tivity p, normalized to resistivity at room temperature,
p300, for SC and FC crystals doped with Co and Ni. For
both impurities the T, decreases monotonically with in-
creasing y for both types of crystals. However, the shape
of p vs. T curve depends both on the impurity, and on
the crystal type.
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Fig. 1. The T-dependence of the ab-plane resistivity,
p, normalized to the room temperature value, pso0, at
zero magnetic field, for FeTeq ¢55e0.35 crystals, SC-type
doped with Co (a) and Ni (c), and FC-type doped with
Co (b), and Ni (d).

In the FC samples with small y, the p/ps00 below 150 K
decreases with decreasing 7', indicating good metallic
character. With increasing y the dependences acquire
low-temperature upturn, which on average increases pro-
gressively with increasing y, suggesting impurity-related
origin. However, in Co-doped samples with small y
(y < 0.05) the magnitude of the upturn shows consider-
able variation from crystal to crystal, and it may even
differ for two samples with the same y, cut from the
same crystal. This suggests that, in addition to impurity-
induced effects, there is some other factor affecting resis-
tivity. At y > 0.05 the variation disappears, presum-
ably because impurity-related effects become dominant.
In Ni-doped samples the variations of the upturn are
considerably smaller, which may be a result of stronger

A-77

impurity potential. Another difference between Co and
Ni-doping is that in Co-doped samples the progressive
growth of the upturn continues up to the highest val-
ues of y studied here. On the other hand, in Ni-doped
crystals the resistance in the low-7" limit saturates when
y exceeds about 0.05, and starts to decrease for larger
y. Such a decrease may indicate the reduction of the
scattering of carriers, possibly by some type of magnetic
ordering.

In SC samples the behavior is qualitatively different,
because the low-T' upturn exists in all samples, even for
y = 0. Moreover, it changes only weakly with y. Thus,
it appears that in SC crystals the other factors, impurity
unrelated, strongly affect low-7" transport. In fact, the
large difference between FC and SC crystals is reflected
in the susceptibility, as illustrated in the inset to Fig. 2
for two undoped (y = 0) samples. While the transition
width is sharp in the FC crystal, it is very broad in the
SC sample which indicates that the SC sample is more
inhomogeneous.
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Fig. 2. T, versus y for SC and FC crystals with Ni
and Co impurities. The vertical error bars show 10% to
90% resistive transition width, while y and horizontal er-
ror bars are determined from EDX. The solid, dashed,
dotted and dashed-dotted lines are guides to the eye
showing the initial slope of superconductivity suppres-
sion for Co(FC), Co(SC), Ni(FC), and Ni(SC), respec-
tively. The inset shows T-dependence of the imaginary
part (top) and the real part (bottom) of AC magnetic
susceptibility for undoped SC and FC crystals.

Figure 2 shows the dependence of T, on y for the SC
and FC crystals. Here T, is defined as middle point of
superconduction transition, and the vertical error bars
reflect 90% to 10% transition width. The y values and
the horizontal error bars show average impurity content
and the standard deviations, respectively, obtained from
several EDX measurements performed in different points
on the crystal. All lines are guides to the eye showing
the initial slope of SC suppression, dT./dy (in K/at.%),
equal to about —0.82, —1.18, -3.46, —4.55 for Co(FC),
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Co(SC), Ni(FC), Ni(SC), respectively. Thus, we observe
that T, decreases faster in SC crystals than in FC crys-
tals, and that Ni suppresses T, more effectively than Co.
The faster decrease of T, in SC samples is most likely
caused by the small superconducting volume fraction. On
the other hand, the stronger effect of Ni impurity occurs
in both types of crystals, so it seems to be at least par-
tially related to larger nominal valence of Ni impurity.
However, if we now extract from the data the critical
concentration y., at which T reaches zero in FC crystals,
we find y. ~ 0.14 (Co), and y. ~ 0.03 (Ni). Assuming
that T, is suppressed by a rigid band shift of the density
of states at the Fermi level by electron doping, the y.’s
should differ by a factor of about two, whereas we find a
factor of more than four. Thus, Ni-doping induces more
complex effects, maybe involving strong localization by
deep impurity potential, or some additional scattering.
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Fig. 3. p°", resistivity at the onset of superconductiv-
ity (as defined in the text), versus y for SC (a) and FC
(b) crystals. The linear fits to the data for Co and Ni
are shown by solid and dashed lines, respectively.

It would be useful to compare the T, suppression to
the scattering rates induced by impurities. Unfortu-
nately, the presence of upturn does not allow extract-
ing the residual resistivity. Instead, from the data in
Fig. 3, we extract the quantity pon/ps00, Where pon
is the value of the resistivity at the onset of supercon-
ductivity. To minimize the scatter of the data from
imperfect measurement of the sample dimensions, we
make use of the fact that psgg does not show any def-
inite y-dependence, so that we can approximate it by the
value averaged over various y, psgo. Finally, we calculate
P°™ = (pon/P300)P300 = Pon, wWhich is plotted versus y in
Fig. 4 for SC and FC samples. The rates of the increase
of p°* with increasing y, dp°*/dy (in mQ cm/at.%), are
equal to about 0.05(1), 0.04(1), 0.29(3), and 0.12(2) for
Co(FC), Co(SC), Ni(FC), and Ni(SC), respectively. It
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is clear that the rates are smaller in SC crystals. Close
inspection of Fig. 3 reveals that this results mostly from
larger values of p°" in the limit of small y in SC samples,
which reflects the presence of large upturn, not related to
impurities. On the other hand, the rates for FC crystals
imply that the Ni impurity induces upturn by a factor of
about 6 times larger than the Co impurity. This corre-
lates with the strong suppression of T, and confirms the
conclusion that simple electron doping cannot explain the
effects induced by Ni substitution.
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Fig. 4. (a)-(b) Ru versus T for FC samples, doped
with Co (a) and Ni (b). (c¢)—(d) Ru at T'= 40 K versus
y for SC and FC samples, doped with Co (c) and Ni (d).
In (c) FC1 and FC2 indicate data for samples with large
and small upturns, respectively. All lines are guides to
the eye.

3.2. Hall effect

Figure 4a,b presents the T-dependence of the Hall co-
efficient Ry for FC samples doped with Co and Ni impu-
rities. In the y = 0 sample the Ry is positive, it rises as
T is lowered down to about 50 K, and shows a downturn
at lower 7. With increasing y initially a low-7" upturn in
Ry appears. We stress that this upturn is very well corre-
lated with the upturn observed in resistivity, reproducing
sample-to-sample variations observed at small y in Co-
doped crystals. As y increases further, the magnitude of
Ry is reduced in the whole T-range, clearly pointing to
the electron doping of the system. Nevertheless, the Ry
remains positive for all y in Co-doped samples, indicating
that the hole contribution to the conduction is dominant.
On the other hand, in Ni-doped crystals the Ry at low T'
changes sign into negative when y exceeds 0.056, signal-
ing stronger electron doping. The Ry(T') dependences in
case of SC crystals are similar, except for substantially
larger low-T" upturns at small y, correlated closely with
the resistivity upturns.
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The Ry (y) dependences, measured at T = 40 K for SC
and FC crystals, are compared in Fig. 4c¢,d. Since in Co-
-doped system large variation of upturns exists at small y,
we plot in (c) two separate curves, for samples with large
(FC1) and small (FC2) upturns. It is evident that for
both impurities the Ry in the SC crystals is larger than
in FC crystals, but the difference is restricted to region of
small y. Similarly, the difference between FC1 and FC2
occurs for y < 0.05 only. Looking for the possible expla-
nations of these upturns we note that similar low-T" up-
turns have been observed for FeTe;_,Se, crystals in the
intermediate region between AFM and superconducting
phase. They have been attributed to incoherent scat-
tering of carriers from (7,0) magnetic fluctuations [12].
It is plausible that similar scattering affects transport in
our crystals. While we find no excess Fe, the inclusions
of nonsuperconducting Fe7(Te-Se)s phase are detected,
particularly well developed in the SC crystals [14]. The
enhancement of magnetic fluctuations due to these in-
homogeneities may contribute to additional scattering at
small y.

The Ry is seen to approach zero in Co-doped samples
at yr, =~ 0.13, while in case of Ni this occurs at half
of this value, namely yr, ~ 0.056. This seems to be
consistent with the expectation of the electron doping.
Moreover, in the Co case we have ygr, =~ y., suggesting
that electron doping may suppress the T.. On the other
hand, for Ni impurity y. is substantially smaller than
Yry- This confirms that the effects of Ni substitution
are more complex. This is further underscored by the
observation that in Ni-doped crystals with y > 0.056
the resistivity in low-7" limit is suppressed, which is well
correlated with the strong decrease of the Ry at low-T'.
Both of these effects suggest a reduction of scattering of
carriers, possibly by some type of glassy magnetic order
which develops in Ni-doped crystals at large y.

In conclusion, we have studied the effect of Co
and Ni substitutions on the transport properties of
FeTey g55€0.35 crystals grown with different cooling rates
by Brigdman’s method. The slow-cooled crystals are in-
homogeneous, which affects most properties, while the
experiments on fast cooled crystals are most informa-
tive. The Hall coefficient, positive in the parent com-
pound, gradually decreases with substitutions, reaching
zero at low T at the doping levels ygr, =~ 0.13 (Co) and
YRy ~ 0.056 (Ni), which is consistent with the electron
doping. The T, is suppressed to zero at y. ~ 0.14 (Co)
and y. ~ 0.03 (Ni), suggesting that electron doping may
be responsible for the T, suppression in Co case, while the
Ni substitution seems to introduce more complex changes
to the system. The low-T upturns, well correlated in p
and Ry, are observed at small y contents, possibly caused
by the scattering of carriers by magnetic fluctuations.
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