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Extreme sensitivity of superconductivity to stoichiometry in Fe,, s;Se

PACS number(s): 74.70.—b, 81.30.Dz

formula 3-Fe, ;Se. With a little more iron excess, at com-
position B-Fe; ,Se, T, drops to 5 K and, with slightly more
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13 The recently discovered iron arsenide superconductors appear to display a universal set of characteristic
14 features, including proximity to a magnetically ordered state and robustness of the superconductivity in the
15 presence of disorder. Here we show that superconductivity in Fe;,sSe, which can be considered the parent
16 compound of the superconducting arsenide family, is destroyed by very small changes in stoichiometry.
17 Further, we show that nonsuperconducting Fe;, sSe is not magnetically ordered down to 5 K. These results
18 suggest that robust superconductivity and immediate instability against an ordered magnetic state should not be
19 considered as intrinsic characteristics of iron-based superconducting systems.
20 DOIL: XXXX
21
22 I. INTRODUCTION
23 Superconductivity was discovered in 2008 in

24 LaFeAsO,_,F, (Ref. 1) with a T, of 26 K. The superconduc-
25 tivity in this arsenide, and the previously reported
26 LaFePO,_,F,,% is unexpected because most Fe-based com-
27 pounds display magnetic ordering at low temperatures. This
28 family of superconductors, based on Fe,X, (X=P,As) layers
29 of edge-sharing FeX, tetrahedra, has expanded to include
30 doped but oxygen-free systems, including K*/Na*-doped
31 AFe,As, (A=Ba,Sr,Ca) (Refs. 3 and 4) and
32 (Li,Na) FeAs.> Recently, superconductivity at 8 K has been
33 reported’ in chemically analogous FeSe in its tetragonal
34 form. [B-FeSe; recent publications have referred to this, im-
35 properly, as the « form. In phase diagrams and the original
36 literature, it is the B form that is tetragonal (cf. Refs. 8 and
37 9), although a few, e.g., Ref. 10, refer to tetragonal FeSe as
38 the « form. « is used here to designate the stoichiometric
39 NiAs-type variant.] The superconductivity is reported to in-
40 crease to 27 K under modest pressure.!! The Fe,Se, layers in
41 B-FeSe (inset of Fig. 1) are analogous to the Fe,As, and
42 Fe,P, layers in the pnictide and oxypnictide superconduct-
43 ors. The initial report attributed the superconductivity to a
44 highly selenium deficient phase, FeSeys, (Fe;2,Se).” This
45 was quickly followed by a combined x-ray and neutron-
46 diffraction study that arrived at a composition of FeSe gy
47 (Fe; goSe) (Ref. 12) for the superconductor. Both of these
48 formulas fall well outside the narrow composition range,
49 Fe, (;Se-Fe; ¢4Se, reported for B-FeSe more than 30 years
50 ago.!>!* Here we show that when prepared so as to prevent
51 the formation of spurious oxides and oxygen defects in the
52 phase, superconducting B-FeSe is much closer to stoichio-
53 metric than the recent reports indicate. Further, we find that
54 the superconducting transition temperature is critically de-
55 pendent on extremely small changes in the iron stoichiom-
56 etry. The highest transition temperatures, 7.~ 8.5 K, are
57 found when the compound is closest to stoichiometric, with
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iron, 3-Fe, (3Se is nonsuperconducting down to 0.6 K. Non-
superconducting 3-Fe, (3Se does not exhibit a long-range or-
dered magnetic state but only the suggestion of spin fluctua-
tions at low temperature. Subtle differences in the structure
indicate that there may be a difference in defect chemistry
between superconducting and nonsuperconducting composi-
tions. Our results indicate that superconductivity in S-FeSe is
only borderline stable and that it does not directly compete
with a magnetically ordered state.
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FIG. 1. (Color online) Rietveld refinement of 298 K NPD data
of B-Fe| (1Se-300 °C. The left inset shows the fit statistic Ry, plot-
ted versus Fe-interstitals (left) and Se vacancies (right). From these
data it is not possible to determine the origin of the 1% nonstoichi-
ometry, but this shows that the formula of superconducting 3-FeSe
must be within ~2% of stoichiometric. The right inset shows the
structure of -FeSe.
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69 II. EXPERIMENTAL

=
o
T
—_
Q
N—
=
)
w)
™
O
=<
1

70  Except for “Fe; osSe” (see below), all samples were pre-
71 pared from iron pieces (Johnson-Matthey, 99.98%) and sele-
72 nium shot (Alfa-Aesar, 99.999%). Stoichiometric quantities
73 of freshly polished iron and selenium shot were loaded into
74 cleaned and dried silica tubes and sealed under vacuum with
75 a piece of cleaned carbon inside (but not in physical contact
76 with the sample). These tubes were sealed in a second evacu-
77 ated silica ampoule and placed in a furnace at 750 °C. The
78 temperature was held constant until the Se vapor had disap-
79 peared (3-5 days) and then increased to 1075 °C for 3 days,
80 followed by a fast decrease to 420 °C. This temperature was
81 held for 2 days before the tubes were quenched in —13 °C 700 710 720 730 740
82 brine. Small pieces were then loaded into small silica am-
83 poules and annealed at various temperatures (300—500 °C)
84 for 2 days followed by quenching in —13 °C brine. Fast

Intensity (arb. units)

Energy Loss (eV)

T T T T T

85 quenching was required for reproducible behavior. All 0.2 '(b) i ——
86 samples are stable for short periods of time in air but were 0.0 o0es M
87 protected from oxidation in air by storage in an argon glove | 0=0.03 - |
88 box. °’Fe Mossbauer spectra were recorded in a transmission -0.2+ p .
89 geometry using a conventional constant-acceleration spec- =04 i (320102". ]
90 trometer and a helium bath cryostat. The Recoil Mossbauer S | — |
91 Analysis software was used to fit the experimental spectra. 0.6 L w ¥ _
92 Isomer shift values are quoted relative to a-Fe at 293 K. dc L0, - H =5 Qe -
93 magnetization measurements were performed on a Quantum -0.8 Ipoisoned E
94 Design physical property measurement system (QD-PPMS) r B—Fe Sell
95 using powdered samples to minimize demagnetization ef- 1.0 5=0.01 1+ il
96 fects. Based on low-field M(H) curves at 2 K, the absolute 1.2 I R ) i ) q - |
97 error in the dc magnetization values is estimated to be less 0 5 10 15 20
98 than 10%. High-resolution neutron powder-diffraction Temp (K)
99 (NPD) data were collected using the BT-1 high-resolution
100 powder diffractometer at the NIST Center for Neutron Re- FIG. 2. (Color online) (a) EELS, NPD (left inset), and EDX
101 search, employing a Cu (311) monochromator to produce a (right inset) data on B-Fe; (;Se and Fe; o¢Se. The EDX analysis on
102 monochromatic neutron beam of wavelength 1.5403 A. Col- crystallites of the B-Fe|, sSe phase in the transmission electron mi-
103 limators with horizontal divergences of 15’, 20’, and 7’ full croscope shows the presence of oxygen in Fe, osSe, and the EELS
104 width at half maximum were used before and after the mono-  data of the L3 and L, peaks confirm that the oxygen is bonded to the
105 chromator and after the sample, respectively. The intensities ~ iron (arrows). This is in addition to the Fe;O, present in Fe; osSe.
106 were measured in steps of 0.05° in the 26 range of 3° —168°. (b) Low field susceptibility data of various Fe,Se samples, showing

107 The structure analysis was performed using the program that B-Fe; o3Se is nonsuperconducting and that superconductivity
108 GSAS with EXPGUL'S6 The neutron-scattering amplitudes ~ improves going from 5-Fe, g,Se to 5-Fe, ¢, Se. For comparison, the
109 used in the refinements were 0.945 and 0.797 X 10~!2 cm for susceptibility of a sample poisoned with oxygen, similar to previous
110 Fe and Se, respectively. Specific-heat measurements were work, is also shown (dafsddihg).

111 done on polycrystalline pellets in a QD-PPMS equipped with

112 a *He refrigerator. Resistivity measurements were done inan ~_ {reshly Cleaned” Fe (Alfa-Aesar, 99.95%) in pow@er’form. 125
113 Oxford cryostat using the four probe method at a frequency .In agreement .Wlth those reports, we found that a significant 126
114 of 13 Hz and a current of 0.1 mA. Thermopower measure- 1IN excess, in our case Fe,gSe, was needed to make a 127

115 ments were done using a custom-built helium probe head (a ~ Sample that appeared to be “phase pure” by laboratory XRD. 128
AQ: #16 MMR sample stage reduced in size to fit in the cryogenic Whep prepared' from very clean starting materials, however, 129
3 117 probe) and MMR technologies electronics. The double refer- ~ specifically taking care to exclude oxygen (see above), we 130
118 ence measurement technique was used, with constantan wire ~ found that the composition needed to yield a single phase 131
119 as the reference. X-ray powder diffraction (XRD) was done ~ Specimen was close to Fe, Se. The origin of this discrep- 132

120 using a Bruker D8-Focus employing Cu Ka radiation witha ~ ancy Wwas studied using several techniques. Figure 2(a) 133
121 diffracted beam monochromator. shows, in the left inset, a region of the NPD patterns for 134

samples of Fe; osSe and Fe, 5;Se, revealing that the sample 135
prepared from Fe powder (“Fe; o¢Se”) is contaminated with 136

122 IIL. RESULTS AND DISCUSSION Fe304,'7 observed because NPD .is more sensitive than labo- 137

ratory XRD to the presence of impurities. The presence of 138

123 Our initial attempts to prepare phase-pure B-FeSe em- iron oxide explains why excess iron is needed to obtain a 139

124 ployed the methods recently described,”!? starting with “pure” specimen under normal synthetic conditions. Further- 140
1-2
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TABLE 1. Refined structural parameters for two samples of
B-FeSe at 298 K from powder neutron data. Space group P4/nmm
(No. 129). Atomic positions: Fe: 2a (3/4,1/4,0), Se: 2¢ (1/4,1/4,z).
Lattice parameters are in units of A and thermal parameters are in
units of 1072 A2, Fe, ¢Se contains small secondary phases of Fe
and Fe;04. The SB-Fe,5;Se sample employed contains very small
amounts of Fe, Fe;Seg, and a-FeSe.

Fey geSe Feyg1Se
a 3.7747(1) 3.7734(1)
5.5229(1) 5.5258(1)
Fe Uy 0.87(2) 0.63(3)
Uss 2.02(4) 2.41(5)
Occ 0.987(6) 0.997(3)
Se Usso 1.35(3) 1.31(3)
z 0.2669(2) 0.2672(1)
X 1.727 2.117
Ry, 6.42% 6.56%
R, 5.15% 5.30%
R(F?) 6.04% 7.42%

141 more, energy-dispersive x-ray (EDX) spectroscopy measure-
142 ments in the transmission electron microscope on crystallites
143 of the B-FeSe phase from Fe, (Se [Fig. 2(a), right inset]
144 showed substantial oxygen contamination. Electron energy-
145 loss spectroscopy (EELS) of the iron L; and L, edges [Fig.
146 2(a)] confirms that there is significant oxidation of the iron in
147 Fe| o¢Se, i.e., oxygen is bound to the iron atoms within the
148 -FeSe such that the formula is Fe|, s5¢O,. EDX and EELS
149 on a Fe, (;Se sample (Fe,(;Se annealed at 300 °C) made
150 from very clean starting materials show no oxygen by EDX
151 and no unexpected oxidation of the iron by EELS [Fig. 2(a)].
152  The composition of the B-FeSe phase was confirmed to be
153 nearly stoichiometric by Rietveld refinements of NPD data
154 on both Fe, (xSe and Fe, Se annealed at 300 °C. When
155 freely refined, the composition of the tetragonal phase in
156 Fe| o¢Se is nearly stoichiometric (Table I, col. 1), and a simi-
157 lar result was obtained for Fe, (;Se (Table I, col. 2 and Fig.
158 1). To best determine the stoichiometry and to see if we
159 could locate the origin of any nonstoichiometry, we per-
160 formed free fits to the data as a function of fixed doping
161 levels, with excess iron in interstitial sites'® and with sele-
162 nium vacancies. The refinement agreement statistics R,
163 (minimum for the best agreement) for those refinements as a
164 function of hypothetical stoichiometry are plotted in the inset
165 of Fig. 1. The best agreement is centered at the stoichio-
166 metric FeSe composition, with the breadth of the minimum
167 indicating a composition of Fe;y;+gpnSe. Thus, although
168 these measurements do not have sufficient sensitivity to de-
169 termine the stoichiometry to better than *£0.02, the nearly
170 ideal stoichiometry of the B-FeSe phase, in agreement with
171 the results in the older literature,'>!'* is clearly confirmed.
172 The compositions Fe, oSe (Ref. 12) and Fe, 5,Se (Ref. 7) are
173 not consistent with these data, as the refinement statistics are
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markedly worse (near the top right of the right inset, Fig. 1
for Fe, ooSe with Se vacancies, and off scale for Fe, 5,Se).

The magnetic characterization of the superconducting
transition in a selection of our samples, measured by low-
field dc magnetization, is shown in Fig. 2(b). The data show
that Fe, 5;Se prepared at a temperature of 300 °C is a super-
conductor with a sharp transition near ~8.5 K. This is in
contrast to a sample poisoned with oxygen (dashed line,
similar to the original literature report’). Furthermore, a
sample that is slightly more iron rich, Fe; j,Se annealed at
380 °C, shows a reduced T,. Finally superconductivity is
absent for Fe; (3Se annealed at 400 °C. This reflects an ex-
treme dependence of the superconducting properties on pre-
parative conditions, including stoichiometry and tempera-
ture.

Our data indicate that the superconductivity, the stoichi-
ometry, and the crystal structure are correlated in the
B-FeSe-type phase. Figure 3(a) shows the superconducting
transition temperature 7, versus the crystallographic ¢/a ra-
tio for a number of the samples in this system. Several fea-
tures are evident. Samples prepared at lower temperatures or
with lower iron content display c¢/a ratios just above 1.464
and also display the highest transition temperatures. Higher
iron contents or higher synthesis temperatures yield larger
c/a ratios and reduced 7,’s. Samples prepared with the high-
est iron content, Fe; (3Se, show no superconductivity to 0.6
K, irrespective of the synthesis temperature. These samples
also display abnormally small c¢/a ratios near 1.461. Two
distinct structure/superconductivity regions are therefore
clearly seen in Fig. 3(a). The inset of Fig. 3(a) shows the
dependence of the c/a ratio on starting composition for two
representative preparation temperatures. In both cases, c/a
initially rises with increasing Fe content, but by the compo-
sition Fe; o3Se the c¢/a ratio is much reduced.

We postulate that this peculiar dependence of ¢/a ratio on
iron content and the accompanying dramatic disappearance
of superconductivity for Fe; j3Se are due to a change in how
the nonstoichiometry is accommodated in the phase. The
most likely scenario is a change from Se vacancies at low Fe
excess to Fe interstitials at high Fe excess. This may also
explain why the ¢/a ratio changes for a given nominal com-
position as the synthesis temperature is changed—the stabil-
ity of the different types of defects is no doubt temperature
dependent. Further studies will be of interest to elucidate the
origin of this behavior.

On the basis of these experiments, we construct a phase
diagram for the Fe-Se system near the 1:1 stoichiometry in
Fig. 3(b). Samples quenched from above 455 °C contain sig-
nificant fractions of three phases (not possible for equilib-
rium conditions in a binary system). This is consistent with
the proposal in the old literature that iron-rich hexagonal
o6-FeSe, stable at high temperatures, converts to tetragonal
FeSe on cooling.® Thus we assign 455 °C as the upper limit
of temperature stability for S-FeSe. This agrees well with the
reported decomposition temperature of 457 °C.? Addition-
ally, we find that B-FeSe is unstable at low temperatures:
there is a slow conversion of the tetragonal 3-Fe,, sSe phase
to a hexagonal NiAs structure-type (a-FeSe) phase, with
larger lattice parameters than are found for “Fe,;Seg (Ref.
19),” below approximately 300 °C. This hexagonal phase is
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FIG. 3. (Color online) (a) Dependence of superconducting tem-
perature (defined as the midpoint of the dc susceptibility transition)
on c/a ratio. The inset shows the dependence of c¢/a ratio on syn-
thesis temperature and nominal composition. (b) Phase diagram de-
rived from the samples shown in (a) and others (not shown). Actual
compositions of the samples were estimated from the fraction of
impurity phases present (Fe;Seg and Fe metal) by XRD and/or
room temperature M(h) curves. Below 300 °C, B-Fe,, sSe slowly
converts to a-Fe,Se, which has the NiAs structure type and is non-
superconducting above 1.8 K. The c/a ratios of B-FeSe also sug-
gest a change in defect type as Fe content increases within the phase
(represented by the vertical dotted line and shading).

234 nonsuperconducting down to 0.6 K. Since the best supercon-
235 ducting properties of the [B-Fe,,s;Se phase appear with the
236 lowest iron contents at the lowest synthesis temperatures,
237 this conversion to the NiAs form at low temperatures ulti-
238 mately puts a limit on the maximum 7, obtainable in this
239 system.

240  Further evidence of the extreme dependence of the prop-
241 erties of B-Fe,sSe on stoichiometry and preparation condi-
242 tions can be seen in the low-temperature specific heats,
243 which are shown for four compositions, Fe,;;Se-300 °C,
244 Fe, (;Se-330 °C, Fe; 1,Se-380 °C, and Fe; 3Se-400 °C, in
245 Fig. 4. The raw data clearly show the presence of excess
246 specific heat associated with the superconducting transition
247 and that 7. moves to lower temperatures with increasing iron
248 excess. Quantitative analysis of the electronic and magnetic
249 contributions to the specific heat requires the removal of the
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FIG. 4. (Color online) Low-temperature specific heat of
B-Fe, 4;Se-300 °C, B-Fe;Se-330 °C, pB-Fe,Se-380 °C, and
B-Fe| 93Se-400 °C. The inset shows the data after subtraction of a
lattice contribution (see text).

lattice contribution, which cannot be done in the usual fash- 250
ion in this system because no portions of the C/T vs T? plots 251
are linear, implying that the lattice contribution is not simply 252
given by B;T° up to 15 K. As such, we fit the 10—15 K region 253
of Fe;(,Se-300 °C to C=7yT+ BT+ B5sT°, where the first 254
term accounts for the normal-state electronic contribution, 255
and the second and third terms account for the lattice contri- 256
bution. Parameters are given in Table II. The Debye tempera- 257
ture calculated from B; is 6,=200 K. (This explains why 258
B5T? is not sufficient to account for the lattice contribution, 259
as B5T° is generally only good up to §—8:4 K.2%) Subtracting 260
the lattice contribution with the fitted 33 and S35 values gives 261
the residual electronic contribution, shown in the inset of 262
Fig. 4. The normal-state Sommerfeld coefficient is then esti- 263
mated as y=5.4(3) mJ mol~! K=2. A very well-defined sharp 264
transition to the superconducting state is seen. From this 265
data, using the equal entropy construction, we estimate that 266
the normalized specific-heat jump at T, is AC/yT.=1.3(1), 267
which is in good agreement with the BCS expected value of 268
1.4. This confirms the bulk nature of the superconductivity 269
below 8.5 K in Fe; 3;Se-300 °C. The amount of excess en- 270
tropy lost near T, is well balanced by the entropy difference 271
between the normal and superconducting states at low tem- 272
perature, therefore supporting the validity of the lattice sub- 273
traction. 274

Surprisingly, the data show (inset of Fig. 4) that there is a 275
second specific-heat anomaly at 1 K in the optimal supercon- 276
ducting sample. To characterize the dependence of this 277

TABLE II. Values obtained from fits of the 10-15 K regions of
the heat capacity of Fe; (;Se-300 °C and Fe, (5S¢ to C=yT+B5T°
+BsT (see text).

Y B3 Bs
(mJ mol~" K=2) (mJ mol~' K™#) (mJ mol~! K~%)

-2.8(2)x 107
—42(2) X 107

FelAmSe-?)OO °C
FelA03Se

5.4(3)
1.3(6)

0.463(5)
0.496(8)
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278 anomaly on the stoichiometry, specific-heat data on three
279 other samples are also shown. A fit of the 10-15 K region of
280 the specific heat of Fe, ;Se to C=yT+ BT+ BsT° gives pa-
281 rameters that are similar to those obtained for
282 Fe| ;;Se-300 °C (Table II). The origin of the differences is
283 unclear; the lower Sommerfeld coefficient may reflect a
284 change in the electronic state of Fe; y3Se. The differences in
285 33 and 85 may indicate that there are extra contributions to
286 the specific heat (e.g., spin fluctuations). Since the data on
287 the intermediate samples do not extend to sufficiently high
288 temperatures (15 K) to permit separate fits of the high-
289 temperature region to remove the lattice contributions, we
290 employed the approximation that the lattice contributions to
291 the specific heat (the B; and Bs parameters) for supercon-
292 ducting Fe; (,Se-380 °C and Fe; (;Se-330 °C are the same
293 as for Fe; (;Se-300 °C and employ the as-fit parameters for
294 Fe, (3Se (the qualitative features mentioned below do not
295 change when the same B; and Bs terms are used for all
296 samples), and the results are presented in the inset of Fig. 4.
297 As Fe content increases to x=1.02, the superconducting
298 anomaly shifts to lower temperature and decreases in mag-
299 nitude. Simultaneously, the 1 K anomaly increases dramati-
300 cally. In Fe, 13Se-400 °C, the 1 K anomaly is not present and
301 a third kind of behavior is observed—a slowly rising specific
302 heat with decreasing temperature. This contribution is also
303 likely present in the Fe; ;,Se sample. The low-temperatures
304 upturn in Fe; ;,Se-380 °C and Fe, (3Se-400 °C are qualita-
305 tively consistent with spin fluctuations but may also be at-
306 tributable to lattice defects, small amounts of impurity
307 phases, or some type of very low-temperature magnetic or-
308 dering. The electronic contribution to the specific heat seems
309 to decrease as Fe content is increased. Further studies are
310 needed to determine the origin of these low-temperature
311 specific-heat anomalies and to confirm the change in the
312 electronic contribution.

313  Temperature-dependent resistivity —measurements on
314 Fe; (;Se-300 °C and Fe; (3Se-400 °C show differences be-
315 tween the superconducting and nonsuperconducting stoichi-
316 ometries of B-Fe . sSe (Fig. 5). Fe, (;Se-300 °C displays me-
317 tallic resistivity, with a residual resistivity ratio (RRR) of 10,
318 reasonable for a measurement on a polycrystalline metallic
319 sample. It also shows a superconducting transition at 9 K,
320 consistent with the susceptibility and specific heat measure-
321 ments. Furthermore, there is a kink near 90 K (see inset of
322 Fig. 5), corresponding to the temperature of the previously
323 reported structural transition.'? In contrast, Fe, (;Se-400 °C
324 shows a broad feature in the resistivity around 90 K and no
325 superconductivity. Furthermore, the magnitude of the resis-
326 tivity at room temperature is higher, and the RRR (=2) is
327 reduced when compared to Fe; 5;Se-300 °C. These observa-
328 tions are consistent with the presence of a larger number of
329 defects in the higher Fe content phase. Despite the substan-
330 tial effect of stoichiometry on the resistivity, the Seebeck
331 coefficients (a) are qualitatively similar for superconducting
332 and nonsuperconducting S-Fe, sSe (inset of Fig. 5). In both
333 cases, « is small and positive at room temperature, changes
334 sign near 230 K, and goes through a broad (negative) maxi-
335 mum near the structural phase transition around 90 K. Like
336 in the resistivity, the transition around 90 K appears broad-
337 ened in Fe, ;Se, but they are otherwise very similar. The
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FIG. 5. (Color online) Resistivity data show that B-Fe, o;Se are
a good metal with a superconducting transition near 9 K whereas
B-Feq g3Se is metallic but with a low residual resistivity ratio.
B-Feq g1Se shows a change in slope around 90 K, corresponding to
the temperature of the previously reported structural distortion (Ref.
12), but the transition in S3-Fe; g3Se is broadened (first derivative
plotted in top inset). Bottom inset: the Seebeck coefficient of
B-Fe| g1Se and 3-Fe; (;Se are similar in magnitude and change sign
around 230 K. They also show a change at the structural phase
transition, but the transition in -Fe; ;Se is significantly broader.
This suggests that defects have a substantial impact on the phase
transition.

change in sign implies that electrons and holes contribute 338
nearly equally to the conduction. Additionally, the broaden- 339
ing of the kink near 90 K in both data sets suggests that the 340
change in defects on going from S-Fe;;Se to -Fe; ;Se 341
may be having an impact on the structural phase transition. 342

To determine whether the state competing with supercon- 343
ductivity in 8-FeSe has a magnetic origin, we employ Moss- 344
bauer spectroscopy as a sensitive local probe for the presence 345
of magnetism at the iron sites. Representative spectra are 346
shown in Fig. 6. Despite the large differences in the super- 347
conducting properties, the Mossbauer spectra for all the 348
oxygen-free samples?! are very similar. A single quadrupole 349
paramagnetic doublet is sufficient to describe all the spectra. 350
The hyperfine parameters (Table III) agree well with those 351
previously found.!® The quadrupole splitting can be attrib- 352
uted to the distortion from tetragonal symmetry of the local 353
surrounding of iron atoms. The isomer shift and quadrupole 354
splitting are both increased at 80 K (below the symmetry- 355
lowering phase transition'?) but are then essentially un- 356
changed at 5 K, whether the sample is superconducting or 357
not. The linewidths do increase slightly on cooling [I" 358
=0.15(1) mm/s at 295 K and I'=0.19(1) mm/s at 5 K], but 359
this is expected. More importantly, although the linewidth of 360
the doublet in B-Fe; o3Se may be marginally larger than that 361
in B-Fe, ;Se at 5 K (Fig. 5), the spectrum does not display 362
the additional dramatic splitting (into a sextet) expected for 363
an ordered magnetic phase. This is in sharp contrast to un- 364
doped LaOFeAs, for example, which shows a clear splitting 365
of the Mossbauer spectrum into a sextet below the spin- 366
density wave (SDW) transition.?> This shows that the elec- 367
tronic state in -Fe; (3Se is not magnetically ordered in na- 368
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FIG. 6. (Color online) °’Fe Méssbauer spectra at 295 and 5 K.
There are no significant differences between [-Fe;o;Se and
B-Fe o3Se despite the fact that 8-Fe, ;;Se is superconducting at 8.5
K and B-Fe; (3Se shows no superconductivity above 0.6 K. There is
no sign of magnetic ordering in these samples. Extra magnetic con-
tributions to the Mossbauer spectra only appear in samples poi-
soned with oxygen (data shown in insets).

369 ture. The presence of magnetic fluctuations on a time scale
370 shorter than the Mossbauer time scale (1077 s) cannot be
371 ruled out, but there is no long-range magnetic ordering at
372 5 K.

373 IV. CONCLUSION

374  Our results indicate that the superconductivity in S-FeSe
375 is very sensitive to composition and disorder even though
376 many of the basic characteristics of the superconducting and
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TABLE III. Mossbauer isomer shift and quadrupole splitting
values for select B-Fe, sSe samples at various temperatures.

T B-Feyg1Se B-Fey g3Se
S (mm/s) 0.46(1) 0.47(1)
295 K AE, (mm/s) 0.25(2) 0.26(1)
8 (mm/s) 0.57(1) 0.55(2)
80 K AE, (mm/s) 0.29(2) 0.30(2)
S (mm/s) 0.57(1) 0.59(3)
5K AE, (mm/s) 0.30(1) 034(3)

nonsuperconducting compositions are quite similar. That a 377
small number of defects is important is surprising because 378
the high upper critical field [800 kOe (Ref. 7)] and chemical 379
similarity to the FeAs-based superconductors implies that su- 380
perconductivity in 8-FeSe should be more robust. This sen- 381
sitivity to defects likely extends to other members of this 382
family and may explain the conflicting reports about super- 383
conductivity in stoichiometric LaFePO.>?3>-2¢ Furthermore, 384
the fact that we do not observe magnetic ordering down to 5 385
K in nonsuperconducting S-Fe;3Se implies either that 386
B-FeSe is fundamentally different from the FeAs-based com- 387
pounds or that superconductivity does not directly arise from 388
a competing ordered magnetic state in all members of this 389
superconducting family (spin correlations are not ruled out). 390
The former seems unlikely, as density-functional theory cal- 391
culations on FeSe (Ref. 27) show the same general features 392
as in the FeAs systems—namely, a highly two-dimensional 393
Fermi surface and propensity for SDW behavior. If the latter 394
is the case, it then implies that magnetically ordered and 395
superconducting states are not as transparently related in this 396
family as they currently appear. It may be that further doping 397
(beyond the limits of the binary phase diagram) will eventu- 398
ally induce a SDW state in 3-FeSe and that S-Fe; (3Se is in 399
an intermediate state such as the pseudogap state in the cu- 400
prates or the quantum critical state in other systems. As such, 401
these results suggest that understanding the electronic state 402
of B-Fe; g3Se will be critical in understanding the supercon- 403
ductivity in the iron-based systems as a whole. 404
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