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We report on a study of the vortex creep in Fe,,s(Te,Se;_,) single crystals (x = 0.5 and 0.4) down to 0.28 K
(~T,/50) and up to uoH, = 2T. The relaxation of the current density [/ (¢)] has been measured during 20 hours
and the decay of J(¢) can be well described by a J(¢) o [In(¢/1,)]~!/* law. We show that the relaxation exponent
w tends towards O for 7 < 2K and uoH, < 0.1T [i.e. J(t) — (#o/1)*] and increases for increasing 7" and/or H,,.
Our measurements strongly suggest that the logarithmic creep rate R = —d In(J)/d In(¢) remains finite at zero
temperature (R|7_.o — 2%) and hence that quantum creep plays a dominant role in the relaxation process at low
temperature. A maximum is observed in both the temperature and field dependence of R(t = 100s,T, H,), which
can be associated to a crossover from a single vortex (one-dimensional) to a bundle (three-dimensional) creep

regime.
DOI: 10.1103/PhysRevB.89.014514

I. INTRODUCTION

Iron selenium belongs to the family of iron-based super-
conductors that has been discovered recently [1]. It has been
reported to be superconducting at a critical temperature, 7, on
the order of 8 K [2], rising up to ~14 K in Fe, s(Te,Se;_,) [3]
(for x ~ 0.5). This binary compound then shares the most
salient characteristics of iron-based pnictides (square-planar
lattice of Fe with tetrahedral coordination) without having the
structural complexity associated to the presence of a charge
reservoir. Specific heat measurements have shown that the
coherence length is very small [4]: £.(0) = €&,,(0) ~ 3.5 A (e
being the anisotropy parameter ~1/4), confirming the strong
renormalization of the Fermi velocity previously observed by
ARPES measurements [5].

On the other hand, the penetration depth is large: 1.(0) =
Aap(0)/€ ~ 1600nm [4], so that the condensation energy,
e€obap = (1/4)(Po/8T hap)*Eap, is small (~30K) and the
Ginzburg number Gi = (1/8)(Tc/eeoéab)2 ~3x107% is on
the order of that previously observed in high-7, cuprates.
As a consequence, thermal fluctuations are large [6] and the
pinning energy U, ~ T,/~/Gi(J./Jo)"/* is very small [~10K,
J. and Jy being the critical and depairing currents, respectively
with J,.(0) ~ 2.10° A/cm? ~Jy(0)/100]. As expected, large
flux creep has been observed in Fe;s(Te,Sei_y) [7] (as
well as in other iron based compounds [8]), compromising
the study of the temperature and field dependence of the
critical current. Indeed, despite its much lower 7, value, the
logarithmic creep rate of the sustainable current density J,
R = —dIn(J)/dIn(t) ~ 2-6 % is again similar to the one
previously observed in high-temperature superconductors [9].

At low temperature thermally activated creep is expected
to vanish linearly with decreasing temperature (Rl’ﬁ_)0 ~
kT/U.) but it has been observed in several systems [10]
(including high-T, oxides, Chevrel phases, heavy fermions,
or organic superconductors), that the relaxation rate does not
extrapolate to zero for T — 0 suggesting a decay of the critical
state by quantum tunneling [11]. A similar study in iron-based
superconductors was still lacking.

We report here on a detailed study of the vortex creep in
Fe;,s(Te,Se _,) single crystals (x = 0.5 and 0.4) down to
0.28 K~ T./50 (and up to H = 2T). The relaxation has been
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recorded on a large time range (up to 20 hours = 7 x 10%*s),
which enabled a clear determination of the relaxation exponent
. We show that © — 0 for T < 2K (and puoH, < 0.1T) and
increases for increasing T (and/or H,). Our measurements
strongly suggest that R remains finite at zero temperature with
Rir—0 ~ 2% and hence that quantum creep plays a dominant
role in the relaxation process at low temperature. We show that
the sustainable current density [J(¢)] is substantially smaller
than J, and its temperature and/or magnetic field dependence
is significantly different from that of J.. All measurements
suggest the existence of a crossover from a single vortex [one-
dimensional (1D)] to a bundle (3D) creep regime.

II. SAMPLE AND EXPERIMENTS

The measurements have been performed on Fej s
(Te, Se;_,) single crystals with x = 0.5 (sample A) and x =
0.4 (sample B). The samples were prepared from very pure
iron and tellurium pieces and selenium shotsina l:1 —x:x
ratio, loaded together in a quartz tube that has been sealed
under vacuum. The elements were heated slowly (100°C/h)
at 500°C for 10 h, then melted at 1000°C for 20h, cooled
slowly down to 350°C at 5°C/h, and finally cooled faster
by switching off the furnace. Single crystals of typical size
500 x 500 x 50 um? have been mechanically extracted from
the resulting ball. Two series of samples with 7, ~ 14K
(sample A) and T, ~ 10K (sample B) have been measured.
Both series present well-defined superconducting transitions in
AC susceptibility measurements and the reduced 7, in sample
B is most probably due to a slightly higher § value. Batch A
has been previously studied into detail using both specific heat
and magnetic measurements [4].

The distribution of the magnetic induction perpendicular to
the sample surface (a-b plane) has been measured by scanning
a miniature GaAs-based quantum well Hall sensor over the
sample surface. A typical field contour plot obtained after
cycling the field up to 500 G (H,||c) and back to zero is
displayed in Fig. 1(a) (sample A, T = 5.5K), clearly showing
the good homogeneity of the sample. The field distribution
clearly displays a sand-hill shape [see Fig. 1(b)] characteristic
of bulk pinning and, correspondingly a V-shape profile is
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FIG. 1. (Color online) (a) Contour plot of the magnetic induction
perpendicular to the sample surface obtained after cycling the field
up to 500 G (H, ||c) and back to zero (sample A). As shown in (b) the
field profile in the purple rectangle clearly displays a sand-hill shape
characteristic of bulk pinning. Correspondingly a V-shape profile is
obtained for increasing field [see curve (i) at 500 G in (c)] and the
profile is progressively reversed as the field is decreased [see curve
(ii) and (iii) for H, = 400 G and 0 G, respectively]. The solid (red)
symbols for H, = 0 have been recorded after a 1000 s waiting time,
clearly showing the decay of the trapped sand hill with time (sample
edges are indicated by vertical dotted lines).

obtained for increasing field [see curve (i) at 500 G in Fig. 1(c)].
The solid (red) symbols for H, = 0 were obtained after a
1000 s waiting time, clearly showing the decay of the trapped
sand hill with time. The induction gradient obtained by placing
an array of ten miniature GaAs-based quantum well Hall
sensors right on the sample surface reachedd B/dx ~ 5 G/um
at4.2K [i.e., ~10 times larger than the one observed during the
scans, see Fig. 1(c)] and even ~30 G/um at 0.3K. For a given
H, value, the induction at the center of the sample (B"P) has
been recorded as a function of time after ramping the field up to
H, starting for a field value much smaller than H,. Similarly,
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FIG. 2. (a) Time dependence of the normalized sustainable
current density (in a log-log scale) up to 20 hours (7 x 10* s)
at the indicated temperatures (uoH, = 50 G) inFe,,s(Te,Se;_,)
single crystals. As shown, the time dependence is algebraic at
low temperature (0.4 K) but a clear deviation from this algebraic
dependence is visible at 4.2 K. (b) As expected from the elastic
collective pinning model, this deviation can be well described by a
1/J" o In(z) law (see text for details).

the decay of B"" has been recorded after ramping the field
down to H, starting from a field value much larger than H,.
The data acquisition has been started after five seconds to
allow for the settling of the field and J(¢) has been defined as
J(t) oc [BY¥"(¢) — BP(t)]/2. Figure 2(a) displays the decay
of JforT =4.2Kand T = 0.4 K (Sample B). All the effects
discussed below have been observed in both samples. As
shown, at low temperature (typically 7 < 2K) and low field
(typically uoH, < 0.1 T), J(¢) can be very well described by
an algebraic law: J(¢) & 1/t* with ¢ ~ 2% for T — 0. Clear
deviations from this algebraic decay become visible above
~2K (and/or for uoH, > 0.1 T) and, as shown on Fig. 2(b),
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1/J* then varies as In(¢) where the relaxation exponent u is
both temperature and field dependent (see discussion below).

III. DISCUSSION
A. Creeping models

The decay of the sustainable current density with time
is determined by the current dependence of the activation
barriers. In the case of thermally activated elastic collective
creep, this energy is expected to diverge at low J as:

"o
U = Ue x [(Je/J) 1]’ o
el

where the value of the relaxation exponent u depends on the
dimensionality of the creeping object: u = 1/7 for single one-
dimensional (1D) vortex lines, and u = 5/2 (7/9) for small
(large) 3D vortex bundles. Writing [12] U(J) = kT In(t/ty)
for t > t where 7 is a characteristic time related to the
transients at the onset of relaxation, one expects:

J.
T [+ (kT/ U x In(t/10)] /%

and correspondingly the logarithmic creep rate of the sustain-
able current density R = d In(J)/d In(?) is equal to:

J(@) (2

R™MT) = 3)

U./kT + uln(t/19)’
where 7y is a macroscopic time related to the sample dimen-
sions (and barrier magnitude) 7y ~ 107% — 1s (see Ref. [13]
and references therein).

On the other hand, the barriers are expected to remain
finite for J — 0 in the case of plastic creep [14]. The U(J)
dependence is then expected to be of the same form as
that predicted by the theory of thermally activated motion
of dislocations in crystalline solids, which can be well
approximated by inserting a negative u values in Eq. (1). The
Kim-Anderson model [15] is also reproduced for u = —1.
Finally, it has been suggested by Zeldov et al. [16] that barriers
could diverge logarithmically:

U(J)=U: xIn(J./J) “

[corresponding to i — 0 in Eq. (1)], which is then expected
to give rise to an algebraic decay of the current density [17]:

Je

J=——"— 5
(t/to)kT/ Ve ©)

and the relaxation rate is then time independent:
R™T)=kT/U, (6)

In the case of quantum creep, the tunneling rate, RIQT"_)O, is
determined by the effective Euclidean action [11]: R|QT:0 ~

i/ Sz)ff ~ h/U,.t,., where t. is the tunneling time. In the
commonly observed limit of strong dissipation for which the
dominant term of the equation of motion is the dissipative term,
t. ~ nL%/ezeo [13]where L, = €&,,(Jo/J.)°? is the collective
pinning length and 1 = (£,,h)*/e*p, the Bardeen-Stephen
viscous drag coefficient (p, being the normal-state resistivity).
One hence finally expects: R|QT”_>0 ~ (€% pn/€Eap ) (T ] Jo)"
for J ~ J. and samples with large normal-state resistivities
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and small coherence lengths can be considered as good can-
didates for the observation of quantum creep. Taking p, ~ 1
mQem [18], £, ~ 154, € ~ 1/4 [4], Jo(0) ~ 3 x 107A/cm?
and J.(0) ~ J(0,t = 1s) ~ 1/pg x dB/dx ~ 2 x 10°A/cm?
one obtains h/Sle_f = (€’ pp/€Eph)(J./ Jo)*> ~ 0.1 indicating
that quantum creep can be large in Fe;s(Te,Se;_,). On the
other hand, the pinning energy is very small (~10K for
Je ~ Jo/100) and the ratio between the classical and quantum
rates [kT/ Uc]/[h/Slef] ~ [T/100] x [Jo/J.] so that quantum
and classical creep are expected to be on the same order of
magnitude for 7 ~ 1K.

As for the pinning barriers in the case of classical creep
[Eq. (1)], the Euclidian action is expected to diverge for
J L J. [SUJ) x 1/J" with ug = 4+ 1], and very similar
expressions are obtained for both classical and quantum creep
substituting U,/ kT by S§' /5 and ju by jus [11] leading to:

RQTM(): z 1
120 st /h+ s In(t/ 1o)

[see Eq. (3) in comparison]. Note that, as for classical creep,
a logarithmic divergence of the Euclidian action would lead
to a time-independent R‘QT“_)O = h/Sy" value. Finally, at finite
temperature, quantum tunneling can be thermally assisted and
one finally obtains:

R2YT) = R2“(0) x [1 + (T/Ty)*] ®)

where the characteristic temperature 7, is related to the
microscopic parameters of the dynamical equation [11]. Tj
also marks the crossover from the quantum to the classical
creep regime and is hence expected to be on the order of 1 K
in our system (see above).

(N

B. Temperature and field dependence of the relaxation rate

For low magnetic fields, the relaxation rate is field inde-
pendent (see below) and R(T,t = 100s) first increases with 7,
then decreases for T > Tpx ~ (0.2 — 0.3) x T, and finally
rises again as T tends towards the irreversibility line [being
close to 7T, for the small H, values used here, see Fig. 3(a)].
Very similar behaviors were obtained in both samples and,
as shown, Tax/7T. slightly decreases with H,. Note that
even though identical R(7T',t+ = 100s) values are obtained for
different temperatures (R(7',t = 100s) ~ 3% for T/ T, ~ 0.1,
~0.5 and ~0.8 for instance), those values correspond to very
different creeping regimes (see discussion below).

Indeed, for T < 2 K (and oH, < 0.1 T) 1/R(T,t) is time
independent [see Fig. 3(b)] indicating that U(J) [or equiva-
lently S(J) for quantum creep] is diverging logarithmically
with J in this temperature (and field) range [Egs. (4)—(6)],
correspondingly, as shown in Fig. 2(a), J(¢) oc 1/¢t* with with
o = R]. As R remains finite down to the lowest temperature
(~2% for T — 0) whereas R""(T)=kT/U. is expected
to vanish for 7' tending towards zero, our data are clearly
indicating that the relaxation is dominated by quantum creep
at low temperature. Note that, R(T') can be well fitted by a
1+(T/ To)? law with Ty ~ 2K [thick solid line in Fig. 3(a)],
in good agreement with the thermally assisted quantum creep
scenario [Eq. (8)]. However, our data show that the relaxation
process can not be described by the elastic collective creep sce-
nario for which u; is expected to be significantly different from
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FIG. 3. (a) Temperature dependence of the logarithmic relaxation
rate R = —d In(J)/d In(¢) at t = 100s for the indicated field values
in sample A (7. ~ 14 K, open squares) and sample B (7, ~ 10 K,
solid squares). Thin lines are guides to the eyes and the thick solid
line is a R(0) x [1 4 (T/Ty)?] fit to the data (see text for details).
Relaxation exponent () values are indicated for some characteristic
temperatures, note that u rapidly increases above the R(T") peak. (b)
1/R as a function of ¢ (Sample B, uoH, = 50 G) for the indicated T’
values. As shown the slope of the curve (i.e. u) is close to 0 below
~2 K and increases at higher temperatures (see text for details).

zero (i, = 8/7 for single vortices and even larger in the bundle
regime) and the nature of the microscopic mechanism leading
to a logarithmic divergence of S(J) still has to be elucidated.
As shown in Figs. 3(a)-3(b), a clear change in the relaxation
process occurs around Tp. Indeed for T > Ty R(T,t = 100s)
decreases and concomitantly 1/R(T,t) is no longer time
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FIG. 4. (a) Magnetic field dependence of the logarithmic relax-
ation rate R = d In(J)/d In(¢) at t = 100s for the indicated T values
in sample A (open squares, right scale) and sample B (solid symbols,
left scale). Relaxation exponent () values are indicated for some
characteristic fields, note that p rapidly increases above the R(H)
peak. The dotted lines are guides to the eyes. (b) 1/R as a function of
t (Sample B, T = 4.2 K) for the indicated H, values. As shown the
slope of the curve (u) increases at high fields (see text for details).

independent but varies linearly with M (¢). This logarithmic
variation is then characteristic of a 1/J# divergence of the
activation barriers [Eq. (3)] [19]. The decrease of R(T,t =
100s) above Tj is hence a direct consequence of an increase
of the relaxation exponent w. Similarly, R(H,,t = 100s) also
presents a clear maximum for woH, (= ptoHmax) ~ 500 —
1000 G at 4.2 K [see Fig. 4(a)]. At low field u is constant
(~1.3at4.2K)and R(H,,t = 100s) increases due to a decrease
of the pinning energy with H, but, as observed for R(T),
R(H,,t = 100s) rapidly decreases above Hp,.x due, again, to
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FIG. 5. Main panel: Magnetic field dependence of the current
density at + = 100s for the indicated temperatures. The solid line
separates the single vortex (1D) from the small bundle (3D) creep
regimes. Relaxation exponent (u) values are indicated for some
characteristic fields. Insert: Temperature dependence of the current
density at t = 100s and woH, = 50 G. The dotted and dashed lines
correspond to the temperature dependence of the critical current
(single vortex regime) for 8/ and 87, pinning, respectively. The solid
line correspond to J.(T)/[t/t]*™ with t, ~ 1us (8] pinning as an
example).

an increase of u (tending toward ~3.5—4 around 1 T). Finally
note that a slight increase of u has also been observed at 0.3 K
but for uoH, > 1T. Note also that R finally increases at high
temperature. This increase has recently been attributed to a
crossover from an elastic (positive 1) to a plastic (negative p)
creep regime [20]. However, we did not observe such a change
in the sign of 1 and the increase of R is rather due to a decrease
of the pinning energy in the vicinity of the irreversibility line.

In the collective elastic pinning model, pinning is expected
to be of single vortex type until the vortex spacing ag
reaches the collective pinning length L., e.g., for uoH, <
Bg, ~5B2J3Y /Jy [13]. Taking J3V ~ J(0,t = 1s) ~ 2 x
10° A/cm? ~Jy(0)/100 one obtains By, ~ 5 T (below 4.2 K)
in our samples, and the small bundle pinning regime is never
reached. J. is hence expected to remain field independent
(=J5V) over the whole magnetic field range used here. How-
ever, as J(¢) decreases, the characteristic size of the creeping
segment L(J) increases (L(J) ~ (L./€) x (JCSV/J)S/7 [13])
and a crossover from single vortex (1D) to bundle (3D) creep
is then expected to be observed when L reaches ag even though
woH, < Bgy. As L. ~ 106 ~ 150 A and J5V /J ~ 10 in our
samples at 4.2 K (see Fig. 5) L ~ 3000 A reaches ag for
woH, ~ 300 G, i.e., for H, ~ Hp,x. 1 is hence small (and
even ~0for T < Tp)inthe low field single-vortex creep regime
and increases with H, (and/or T) as L — ay, finally tending
towards ~3.5 — 4 for L > ay. Note that although larger, this
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W value is on the order of the one expected in the small bundle
creep regime (i = 5/2).

IV. CONCLUSION

The current density Jy,(H,) = JCSV x (L¢/€ag)’? corre-
sponding to the crossover from single vortex to bundle creep
is displayed in Fig. 5 (solid line) together with J(H,,t = 100s)
at T = 0.3 K and 4.2 K (Sample B). As shown, a significant
decrease in J(H,,t = 100s) is observed for fields much lower
than By, and J(t = 100s, H,) even becomes nonmonotonic
at 4.2 K. Those dependences are dynamical effects. Indeed,
the decrease in J(H,,t = 100s) at low H, is a consequence
of the increase of the relaxation rate [see Fig. 4(a)] and, in
contrast to systems such as MgB, [21], the further increase
in J(H,,t = 100s) observed above ~1000 G at 4.2 K is not
related to any phase transition in the vortex solid but to the
slowdown of the relaxation as the system enters the bundle
creep regime [22]. Similarly, at low temperature (and low
H,) i~ 0and J(T,t) is expected to vary as J.(T)/[t/ty] D
with  J(T) = J3V(T) = Jo(€&ap /L), Jo(T) o 1/35,(T)
Ep(T) ~ [1 = (T/T.)*1/* and (e&ap/Lc)* = [1 — (T T.)*1"
with an exponent o depending on the microscopic origin of
pinning [23]. As shown in the inset of Fig. 5, J(T',t = 100s)
strongly differs from J.(T) for both pinning induced by
fluctuations of the mean free path (5! pinning, dotted line)
or by fluctuations in the critical temperature (§7, pinning,
dashed line). The strong (~ exponential) temperature decrease
observed for T < T ~ 2 K is again a dynamical effect related
now to the increase of R(T) atlow temperature (see solid line in
the inset of Fig. 5 with o ~ 1us) and those large creep effects
are hence compromising any analysis of the temperature [7]
(and/or field) dependence of the critical current in this system.
Note that it was not possible to distinguish between §/ and § 7,
pinning and the solid line in the inset of Fig. 5 corresponds, as
an example, to §/ pinning (o = 1).

In conclusion, we have shown that small activation barriers
and a large quantum creep rate are at the origin of a rapid
decay of the current density J(7T',H,,t) in Fe;s(Te,Se;_y).
The logarithmic relaxation rates remain finite down to ~7,. /50
(Ri7—0 — 2%) suggesting that quantum creep becomes im-
portant at low temperature. The relaxation exponent u — 0 at
low T and low H, and R(T,H) first increases with T and/or
H, but then decreases due to a fast increase of u as the size of
the creeping segment L(J) is approaching the vortex spacing
ap [crossover from single vortex (1D) to bundle (3D) creep].
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