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Low-temperature magnetic relaxation in HgBaCa,Cu50g, 5 Single crystals with columnar defects

E. R. Nowak} J. M. Fabijanic, S. Anders, and H. M. Jaeger
James Franck Institute, The University of Chicago, Chicago, lllinois 60637
(Received 17 November 1997

Micrometer-sized Hall probes are used to measure the low-temperature magnetic properties of
HgB&CaCu0g. 5 Single crystals with and without columnar defects. Introduction of columnar defects by
heavy-ion irradiation suppresses the quasiexponential temperature dependence of the critical current, but only
when the density of flux lines is less than the density of defects. The current-dependent creep activation energy
U(J) is found to be best described by the power [&l§J) = U[ (J./J)*—1]. At high current densitied, and
low fields, there is a crossover to a quantum vortex creep process with a temperature-independent magnetic
relaxation rate. On the low-side of this crossover in the unirradiated samplez 1, indicating that the
thermally activated vortex creep process is consistent with collective creep. When the flux-line density exceeds
the columnar defect density in the irradiated sample, the vortex creep process is charactejized. tfyor
flux-line densities less than the defect density, an anomalously large exponent is foer®),( which is
inconsistent with vortex transport occurring either by the nucleation and expansion of half-loop excitations or
by variable-range hopping of vortex lines as described by the Bose-glass tf801$3-18208)08333-7

The discovery of the mercury-based copper oxideented epitaxial films of Hg-121¥ These studies indicate
superconductotshaving transition temperaturég.~130 K that the Hg-based compounds can support large in-plane cur-
has generated a great deal of interest, especially for technéent densities at temperatures higher than has been achieved
logical applications. However, the viability of these com- for other superconductors. o
pounds for applications will ultimately depend on their cur- 10 date, studies analogous to neutron irradiation, but us-
rent carrying capabilities, and understanding and controllind"¥ Mgh energy, heavy-ions have been unfeasible because

tic f that ai ise o d ; 2ot eavy ions have a maximum range in solids of only 20—-30
magnetic Tiux creep that gives rise to decaying cur um, making it virtually impossible to produce defects

.thermallly activated resistanéelhe glaqt flux creep present throughout macroscopic grain-aligned sampl&ecently, it

in the high-temperature superconducfdssa consequence of \as demonstrated that randomly oriented columnar defects
large thermal fluctuations, short coherence lengths, angan be created in Bi-based compounds by proton irradiation,
strong anisotropy. The combination of these factors leads tahich has a much longer penetratidt?) Such heavy-ion
intrinsically weak pinning of flux lines and thus low critical irradiation creates defects in the form of cylindrical amor-
currents. To overcome this limitation, the conventional ap4hous trackg“columnar defects’). This is to be contrasted
proach has been to deliberately engineer disorder into thith neutron irradiation that produces defect cascades con-
materials. The presence of disorder, whether in the form ofisting of small volumes in which structural disordering and
point or extended defects occurring naturally or introduced@tial melting occur. Columnar defects provide the maxi-
through either dopirftf or various forms of irradiatiofiy ~Mum pinning of flux lines because they maich the linear
increases the barrier for flux line/ortex) motion and has 98ometry of flux lines, and their diameter 10 nm is com-

been demonstrated to enhance important technological pro arable to the dimension of a vortex core. Itis important then
) o o determine how columnar defects affect vortex motion and
erties such as the critical current density.

L whether such defects offer a substantial enhancement of the
Due to the current unavailability of large

. ; magnetic properties in comparison to defect cascades in
HgBaCa, 1Cu,0,(n+ 1)+ 5 SiNgle crystals, nearly all studies thege matgria:)s. P

of their magnetic_prcigerties.havg involved ranldzomly Ori- | this paper, we address these issues in single microcrys-
ented, polycrysta_llhrf%‘ or grain-aligned samplé'é: Here,  tals of the HgBaCa,CusOg, 5 compound(Hg-1223. Such

we denote the single CyQayer compound with=1, Hg-  crystals are sufficiently thin to ensure that irradiation creates
1201, the double layem=2, as Hg-1212 and triple layer  columnar defects that extend entirely through the material.
=3, as Hg-1223. These studies have shown that the irrevergssing miniature Hall probes, we report measurements of the
ibility lines of these compounds lie between that of thelocal magnetic inductio8 and its time decay foB along the

Bi- and Tl-based compounds and the more isotropidength of the defects and parallel to tleeaxis. From the
YBa,CuwO;_s In addition, at intermediate and high tem- relaxation data we investigate the creep rate as a function of
peratures the magnetic hysteresis and relaxation processesnperature and extract the current density and magnetic-
appear to be well described by the thermally activated perfield dependencies of the activation barrier.

etration of two-dimensional pancake vortices over a Bean- Nearly 100% phase-pure Hg-1223 compounds were syn-
Livingston surface barriel® Neutron irradiation studié$™’  thesized from appropriate mixtures of the corresponding
have shown that Hg-1201 is not intrinsically limited to low metal oxide powders as described in Ref. 20. The as-
current densities. Rather, the irradiation was found to supsynthesized samples were mechanically ground to free indi-
press surface pinning, moderately enhance the critical curidual grains from the residual flux matrix. These grains
rent, and shift the irreversibility line to higher temperatures.were irregularly shaped platelets having lateral dimensions
High current densities have also been attained-axis ori-  ranging from 10—-25%um and with thicknesses of 2m. Us-
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ing a scanning electron beam, we examined the Kikuchi 0
patterné! from such grains. In addition to identifying the
orientation of the graingthe c axis was parallel to the thick- " ]
ness directioy) the orientation of the Kikuchi pattern re-

mained unchange@d-2°) as the beam was rastered along the Ly :
entire surface of the grain. This latter observation confirms
that the grains were single crystals.

For the measurements, we chose crystals that were at least 2L
10 um on a side, and had regular shapes, e.g., rectangular-
like. Some of these crystals were then irradiated at the L
ATLAS source with 800 MeV Ag ions directed along the unirradiated (a)
axis (+5°). It is well establishei®? that ionization energy P T T
loss by fast heavy ions can produce permanent damage ef-

M (kG)

05K 17K 4K 7K 10K

fects in cuprate superconductors. Calculations usingrine -1
Monte Carlo energy deposition routfiéndicate that, within |
the thicknesses of our Hg-1223 crystads2 um), the energy . -2 i
deposition rate of the Ag ions is relatively constant at ap- @ —
. S = 3
proximately 21 keV/nm. This ionization energy loss for Ag
ions has previously been shoffrio be sufficiently large for = Al T 12K 2K 3K 4K 6K 10K )

producing columnar defects with diameters ranging between
5-11 nm and penetration depths of16 um in
YBa,Cuw0;_5 and BhSLCaCu0, samples. Although mi-

irradiated (b)

crostructural data on damage tracks in Hg-1223 crystals is -6 N S
not presently available, based on the above results the dam- -10 0 10 20 30
age microstructure expected from the irradiation consists of B (kG)

continuous columns of amorphous material extending o _ _ _
through our crystals and distributed randomly in the plane FIG. 1. Magnetization as a function of the internal fiélcfor
perpendicular to the ion beam. The ion flux dosage was chdlux entry is shown at various temperatures for taeunirradiated

sen so that the number of columnar defects would equal th@and (b) irradiated single crystals. Columnar defects give rise to
number of flux lines in a magnetic field 0fB¢> increased magnetization at low fields and a prominent peak near

=10 kG+2 kG 24 B,=10 kG*2 kG as indicated by the arrow if).

The present unavailability of larger crystals of the Hg-
based compounds has limited experimental studies to graifiization at these low temperatures. Other pagérs® on
aligned samples. To overcome this restriction, we have usegrain-aligned samples have found that surface barriers can
micron-sized Bi Hall probes to measure the local magnetizasignificantly affect the field dependence of the magnetization
tion and magnetic relaxation singlecrystals. The field sen- to temperatures as low as 10 K. The enhanced bulk pinning
sitivity of these sensors-1 G) allowed us to acquire reliable is perhaps indicative that our pristine crystals were some-
data below 20 K and for most applied magnetic fields paralwhat oxygen overdoped. The extremely small size of these
lel to thec axis. The crystals were centered directly on top ofcrystals prevented direct measurementsTefby conven-
the Bi Hall probes and affixed by using a very thin lagerl  tional techniques as a means of checking stoichiometry.
um) of grease. The field just at the surface of the crystal Irradiation is known to lead to an increase in the irrevers-
induces a Hall voltage that was calibrated to give the averible magnetization that can be related to the critical current
aged local fieldB across the Zmx3 um active areas of densityJ, according to the Bean mod&.In Fig. 1 we
these probes. We define the magnetizatioMasB—H and  show one quadrant of the magnetization I¢fg flux entry)
report the magnetic properties as a function of the local fieldat various temperatures for both the unirradiated and irradi-
B rather than the applied field. (For irradiated samples, it ated samples. Since the Hall probe measures the local field,
was found thaB is the relevant quantity on which many of we can, in principle, determing. directly through Max-
the magnetic properties depefid All measurements were well's equation J.= (c/4m)dB/dx.*® However, even with
carried out under field-cooled conditions. In order to ensureur miniature Hall probes, the crystals were too small to
that a well-defined flux density gradient was establishedillow for a direct measurement of the field gradient. Thus,
(fully penetrated throughout the crystal, the field was we estimatel. by J.~(c/4m)AM/2L, where AM =M
ramped over tens of kiloGau$s20 kG prior to starting all ~ —Megpyy is the width of the hysteresis loop at a local fi@d
the measurements. Magnetic hysterebiB) loops, were andL is the lateral distance of the Hall probe from the near-
recorded at a constant field sweep rate of 50 G/s at fixeést edge of the crystal~10 um for both samples. Implicit
temperatures. Likewise, isothermal magnetic relaxation medn this expression fod.. is the assumption that the current is
surements were performed by ramping the field over severalniform across the sample. This, however, is not the case for
Tesla at a rate of 50 G/s to various initial valuesBof samples with columnar defects for which there can exist two

The magnetic hysteresis loops were predominately symeritical currentsl;; andJ., in regions of the crystal where
metric aboutM =0 for both types of samples d<20 K. B<B, andB>B,, respectively, withdg;>J.,.% This ef-
This would suggest that, in comparison to bulk pinning, surfect is minimized in our microcrystals for which the variation
face barriers contribute negligibly to the irreversible magne-of B across the crystal is small. In addition, with the mag-
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FIG. 2. The temperature dependence of the critical current adc*exp(—T/Ty).>*% The empirical paramete¥, is a mea-
various internal fields. For T>3 K, J.(T) can be approximated sure of the pinning strength. We find the§~20 K in the
asxexp(—T/Ty) as indicated by the thick dashed line(@. For the  irradiated crystal foB<<B, and drops rapidly with increas-
irradiated samplégb), Ty is a strong function of field. ing field. ForB>B,, T, approaches the value found in the

unirradiated sample, wheré,~6 K, as shown in Fig. 3.
netic field applied perpendicular to the plane of the crystalPrevious studies on Hg-1223 powder samples indicate values
demagnetization effects cause a bending of the field linesanging from 11 KTy<17K for grain-aligned
resulting in a critical current that is not simply proportional sample§**>#’to 7 K for randomly oriented crystallit€$.In
to the gradient of the field. Nevertheless, near the center afne study neutron irradiation was found to incre@igdrom
the sample, where our Hall probe is positioned, the field lined 1 to 17 K* By comparison, columnar defects suppress the
are nearly straight. Hence, a local measurement of the intetemperature dependence fby a factor of>3, at least for
nal magnetic field can provide a good estimate) of low fields, where the density of flux lines is less than the

A characteristic feature of high-temperature supercondensity of defects.
ductors is the large flux creep rate. Consequently, any mea- The time evolution of magnetizatioh! (t,B,T) was re-
surement ofl, is a lower bound estimate of the true critical corded over times 10t<10°s along the diamagnetic
current, determined by the time scale of the measuremenbranch of the hysteresis loop. For the irradiated crystal this is
We find a significant enhancemefiiactor of 2 of J. after  not the branch shown in Fig.(ld) but that corresponding to
irradiation only for B<B,: J(T=2K, B=1kG)~4 negative applied fields. This branch did not show the strong
x 10° A/lcm? for the irradiated crystal. This enhancementnonmonotonic dependence bf(B) evident in Fig. 1b).3°
factor may be a lower bound since our unirradiated crystal¥he inset to Fig. 4 shows that the magnetization decay can
were found to sustain relatively large current densities. Thesbe considerable over the experimental time window. Except
large critical currents are due to an unknown defect structurdpr the lowest temperatures and fields, the decay of the mag-
presumably preexisting point defects. In addition, the presnetization in both unirradiated and irradiated crystals was not
ence of columnar defects also introduces a nonmonotonifound to be logarithmic in time. Nor was it consistent with
dependence tM(B). This can seen in Fig.(lh), where the an exponential decay to an equilibrium magnetization, as
magnetization has a local maximum at a fidd=7 kG, might be expected at long times in the standard model of flux
approximately equal to the matching field,=10kG  creep by Anderson-Kim’ A nonlogarithmic decay is gener-
+2 kG.2* Such behavior has been discussed elsevihétin  ally attributed to the current dependence of the activation
the context of the Mott-insulator line phase that was pro-barrier for flux creepJ(J).?
posed by Nelson and Vinokifr*®to exist within the Bose- To examine the temperature dependence of the flux creep
glass phase for vortices. rate, we plot in Fig. 4 the normalized creep rate

The temperature dependencelgis shown in Fig. 2. The S=—d In(M)/d In(t) averaged over times ¥<5000 s. At
field resolution of the Hall probe and the small size of thethe lowest temperatures and fiel&takes on a finite and
crystals restricted the data to a narrow range of temperatureemperature-independent value, as denoted by the dashed
Even so, several features are apparent. At low temperaturdiges. Such behavior has previously been taken as evidence
and fields J.(T) is found to level off, becoming nearly tem- for vortex motion that is not thermally activated but occurs
perature independenfFor the irradiated crystal), is ex- by quantum tunneling’*®-*°The crossover to quantum tun-
pected to show a nonmonotonic dependence on field, similareling of vortices occurs beloW~2 K for the unirriadated
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By way of determining the normalized relaxation rate, we
observed a decrease 8fproportional to the logarithm of
time. This indicates that an effective barrier for flux creep
increases with decreasing persistent current, as predicted by
. the interpolation formula. By plotting! —# as a function of
In(t) and doing least-squares fits to the expresdft) #
=Mgy#+c(T)In(t), we obtained values for the exponent
©(T,B) and the other fitting parametekd, andc(T). De-

. : termined in this wayu<1 at low temperatures and fields
TU 1@ 1o 10 10 and predominately increased with increasBBgand T. For

: : : ! Time ), the three-dimensional3D) collective pinning case in the
low-field, low-temperature region where the creep is domi-
nated by the motion of individual flux lineg,= 2. At higher
temperatures and fields the exponent attains its maximum
value of u=2 due to collective creep of bundles. One trou-
bling aspect is that the fits often yielded>3, a value

e 1KG | greater than could be accounted for by the thédmjever-
—=—3.6kG | theless, using these values @fwe made fits to the decay
——8kG curves. However, the limited time window of the measure-
—8—15kG | ments and the remaining three parameters allowed for con-
00 2 2& 6 8 1‘0 1‘2 1'4' 6 siderable latitude in obtaining an optimal fit. Consequently,
we were unable to unambiguously determine how these pa-
T (K) rameters changed with temperature or field.

FIG. 4. The temperature dependence of the normalized relax- The nature of the vortex creep process is perhaps best
ation rateS=—d In(M)/d In(t) is plotted at various values of the revealed by the current-dependent creep activation barrier
initial internal field B for the (a) unirradiated andb) irradiated ~ U(T,J).* U(J) can be determined from the magnetic relax-
samples. The inset shows the large and typically nonlogarithmigtion data by using either the method put forth by Maley
magnetic relaxation for the irradiated sample. At Iawand B, S et al*® or the generalized inversion schefieThe latter
approgches afinitg and temperature-independent value, indicated B¢heme was developed to extrat(T,J) without assump-
the thick dashed lines. tions of the functional form of the temperature dependence.

Here, we use the Maley analysis and assume thist inde-
sample aB=5 kG and as high as-4 K in the presence of pendent of temperature. This is a reasonable assumption for
columnar defects @ =1 kG. At higher fields the creep rate our experimental regime, which is far below the irreversibil-
is larger andS3(T) is nearly linear inT. These curves tend to ity temperaturel;,>90 K, for which all thermal factors such
merge at lowT, approaching a finite value 8—0. Indeed, as the condensation energy are nearly constant. Briefly,
extrapolation ofSto T=0 at higher fields yields values for this procedure uses the flux conservation equation
S(0) that are nearly equivalent to the quantum creep rat@nd the Arrhenius law for flux hopping to derive the master
found at the lowest field in each sample. Field independenctate equation U(J, T)=—KT[In(dM/dt)—C]. Here C
of the quantum creep rate suggests that the single vortexIn(Bwa/7L) is a temperature-independent constant
regime for pinning applies. In gener&(T) is an increasing uniquely fixed by requiring that, at low temperaturésis a
function of temperature, though not strictly monotonic. Al- continuous function o8, w= 2/ 74 is a microscopic attempt
though the low-temperature features of the vortex creep ratéfequency,a is the hop distance, aridis the sample dimen-
are similar to those found in randomly orient®end neutron ~ sion, as before. The construction@fwith several segments
irradiated, grain-aligned sampl&sthe form of S(T) for T s valid only at low temperatures where the temperature de-
>15 K differs strongly amongst samples and requires furthependence of the barrier is negligible and the vortex motion is
investigation. classical* Thus, we require “piecewise” continuity only

Figure 4 indicates that the magnitude and temperature ddor segments taken at>3 K for which the vortex motion
pendence of the flux creep rate is modestly reduced by theas dominated by thermal activation rather than quantum
introduction of parallel columnar defects. We note, howeverfunneling, see Fig. 4. The optimal value ©fwas 19 and 25
that the relaxation process is determined by the activatiofor the unirradiated and irradiated samples, respectively. We
barrier U, which is a function of the current densify As  find that for both unirradiated and irradiated samples the
shown in Fig. 1, irradiation can increadewhich affectsU  functional form for U(J) is best described by a power
and the creep rate. Thus, a proper evaluation requires conaw*>****as given by
parison ofU at the same current densitiesee below

We now address the question of how the presence of co- UJ,T)=Un(M[(I/I*—1], 1)
lumnar defects affects vortex creep in these compounds. One
approach is to use the interpolation formEt)=Mg,/[1 rather than a logarithmic dependeridéJ)In(J;/J) as seen
+ (ukT/U)In(t/te)]¥#, which is applicable for both the in Refs. 48 and 49. Both power-law and logarithmic depen-
vortex-glas$! and collective pinning modefé=**Here,tyis  dences have been observed in neutron irradtateohd
a macroscopic, effective time scaM, is the initial magne- unirradiated®®* grain-aligned samples, respectively. At the
tization, and the exponent characterizes the creep process.lowest temperaturethighestJ) there is a strong reduction of
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¥ (A/CmZ) n(H) drops rapidly a8—B,, and approaches values comparable

FIG. 5. The current dependence of the activation batdie) o those found in the unirradiated sample.

extracted from the magnetic relaxation data at various internal fields
B and temperatures. In order of increasifighe segments corre- hopping to a lower-energy defect that is far away rather than
spond to relaxation data taken®t 15, 10, 7, 4, 1.7, and 0.5 K in  to a nearest neighbor, but higher-energy defect. Variable-
(& and 10, 6, 4, 3, 2, and 1.2 K ifb). The two segments corre- range vortex hopping was recently found in Y,BaO,_ s
spo_nding _to the lowest values bf at eachB were not included in crystals at low fieIdsB<B¢.“ We find no evidence of a
the inversion scheme. At those temperatules3 K, quantum tun- - gigin ot power-law regime with. = 3 over our experimental
neling of flux lines vortex motion appears to dominate the flux . . L
creep. ForT>3 K, U(J) is best fit by a power law, see, e.g., the range for e|therl or 3.6 kG. One possible explanation is
dashed line ina. that the VRH regime in Hg-1223 crystals occurs at current
densities below our experimental resolution. On the other

U that reflects the process of quantum creep, see Figs. 5 hand, if the objects that are hopping are “pancake” vortices,
and 8b). Quantum creep gives a finite creep rate evel as then VRH may not be as relevant since the dispersion in
—0, resulting inU~T/S—0. Hence, fits to Eq(1) show  pancake binding energies should be smaller and the energy
strong deviations at the highest currents corresponding to theyst for a pancake vortex jumping into a higher-energy de-
quantum creep regime. _ _ - fect is much lower than that for a flux line.

The glassy exponent in Eq. (1) is regime specific and  Einally, we return to examining the effect of heavy-ion
can be used to characterized the creep process. In the agfizadiation on the magnetic relaxation rate. Figure 4 shows
vated regime [>3K) J<J.. Hence, IUQ)=InUy 5t a1 |owT andB, the quantum creep is nearly a factor of 2

+u(In J;—In J) and thusA In U/A In J=u. We estimateu lower in the
; . ! . presence of columnar defects wh&rel%.
from Fig. 5 by taking the best fit through the data, eXCIUdmgThis value is comparable to that found for quantum creep in

the segments from the quantum creep regime 8 K), for : i 40 .
an example, see the dashed line in Fi@)5Figure 6 shows other StUd'eS. of Hg 122.%7' Th_e creep rate at hlghé'rar_1d
B also remains lower in the irradiated sample, but is not

how w depends o for both the irradiated and unirradiated _, . . - :
samples. For the unirradiated sampleB=>5 kG)~0.85 and S.t”k'ggl){ reduced. F_|gu|re 5 |nd|cat§s that, |n(.jeed,hthe egfec-
increases tou(B=20 kG)~1.5. Within the 3D collective tive barrier at a particular current denslty(J) is enhance

pinning model this increasing trend with field suggests &Y columnar defects. For examplé(J,B) =100 K occurs at
crossover from the motion of individual flux lines to collec- @PProximately 30—40 % higher current densities for the irra-
tive creep of small bundles. Our data are not Sufﬁcient|yd|ated sample at an equivalent internal field. This apparently
Comprehensive to discriminate between three- and twoi.ndica.tes that the irradiation affects directly and not Only
dimensional creep by “pancake” vortices, for whigh=3.  throughJ.

By comparison, in the irradiated sample~2.5 at low In conclusion, we have found that the thermally activated
fields and decreases sharply just beByy, approaching val- flux creep in single crystals of the Hg-1223 compound with
ues~1. In the Bose-glass scenarfothe vortex creep pro- and without columnar defects can be described by an activa-
cess is viewed as a sequence of nucleation of half-loop exion barrier that increases with time or with decreasing per-
citations and the subsequent expansion of half loops witlsistent current as a power-law given by Ef). Moreover,
decaying currents. This process is characterized by an expthe experimental results for the unirradiated crystal are con-
nent u~1, consistent with the experimental results ®r sistent with collective flux creep theory. In general, the creep
=B,. However, the large value qf for B<B, is difficult ~ rate was found to be an increasing function of temperature.
to reconcile with theory that predicts vortex transport to oc-As T—0, we observed a finite creep rate that is temperature
cur either by half-loop excitations or by variable-range hop-and nearly field independent and is attributed to the quantum
ping (VRH) of vortex lines®? which is characterized by, tunneling of flux lines. Most striking was the strong suppres-
~ . Dispersion of flux-line binding energies to columnar sion (factor of 3 of the temperature dependence of the
defects can lead to VRH for which vortex motion occurs bycritical current for columnar defects as compared to
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