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Manifestation of history-dependent critical currents via dc and ac magnetization measurements
in single crystals of CeRy and 2H-NbSe,
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A study of path dependent effects in single crystals of Gedd 2H-NbSe shows that critical current
densityJ, of the vortex state depends on its thermomagnetic history over a very large pHrfIof garameter
space. The path dependencelinis absent above the peak positiore., H>H_) of the peak effect region,
which we believe identifies the complete loss of order in the vortex structure. The highly disordered field
cooled(FC) state can be healed into a relatively ordered vortex lattice by subjecting it to a large enough change
in dc field (few tens of Og or by shaking the field cooled state with sufficient ac figfdw Oe.
[S0163-18298)50218-4

Investigating structure of vortex lattice or flux line lattice sition temperature. The results of dc and ac magnetization
(FLL) in the mixed state of type Il superconductors contin-experiments in the two superconductors are presented so as
ues to be of intense interest. Recent theoretical studies have elucidate history effects well before, just prior to, during,
postulated various glassy states in FLL arising fromand after the occurrence of peak of the PE phenomenon. Our
quenched disorder and thermal fluctuatibriSxperimental  resultsinter alia add an additional facet to the well-known
efforts have been focused on detection and characterizatiaritical state mode{CSM),° which postulates a unique criti-
of such states. The appearance of the peak efféEt in  cal current densityl. for the vortex state for a given field
some systems involving an anomalous enhancement of crit{H) and temperatureT).
cal current densityd. in close proximity of the softening We recall that hysteresis in magnetization is related to
and/or melting in their FLL(Refs. 2—4 has been explained J.(H).!° In isothermal magnetization measurements, this
in terms of a loss of spatial order in FILBut the precise single valued], translates into a generic magnetization hys-
nature of this loss of order and its relationship to the glassyeresis loop(see Fig. 1 such that thforward and reverse
state of FLL are topics of current debate. branches of the magnetization curve define an envéfope,

In disordered magnetic systems such as spin gl&sses, within which lie all the magnetization values that can be
encounters the appearance of thermomagnetic history effectqieasured at the given temperature along various paths with
The temperature below which magnetization values undedifferent thermomagnetic historiés.For instance, Fig. 1
zero field cooled(ZFC) and field cooled(FC) conditions  schematically illustrates that the FC magnetization curve
differ is usually identified as the spin glass transition tem-generated by decreasing the field after cooling the sample in
peratureT, .5 We find analogous manifestations in the mag-a dc field eventually merges into the reverse magnetization
netic behavior in weakly pinned superconducting systemshranch. The result of our experiments is that the magnetiza-
viz., 2H-NbSe(T .=6.1 K)” and CeRy(T.=6.3 K) 2 as re-  tion curve, originating from a given FC state, need not al-
flected in theirJ, values. This difference in the FC and ZFC ways be confined within the generic hysteresis loop. We ar-
response, we believe, reflects the different extents of FLIgue that the observed behavior elucidates the existence of
correlations in these states, and is seen to persist up to thmultivalued nature ofi.(H,T), i.e., the critical current den-
peak position of PE. In this sense the locus of PE inHR&  sity of vortex state at a giverH,T) depends on its thermo-
plane may be regarded as the counterpart of spin glass tramagnetic history. Our inference by an equilibrium dc mag-
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FIG. 2. (a) (O) SQUID response of the sample in the PE region,
on theforward magnetization curve using a conventional full sym-

metric scan of 4 cm length. The corresponding fit to Eq. 1 is shown
FIG. 1. A scheme showing magnetization hysteresis curves iy @ dotted line. Théalf-scanresponse for-2 cm<z<0 (®) and
an irreversible type Il superconductdforward and reversemag-  1tS fit to Eq. (1) (continuous ling is also shown(b) The SQUID
netization branches corresponding to increasing and decreasirﬁﬁsPonse from Oto2cm for theversecase is .ShOWI’] along with
field cycles. A magnetization curve measured during reducing fieldhe corresponding fit to Ed1) after compensating for the offsat
cycle after cooling in a field is indicated as field cool&®) curve. ~ and linear driftbz.
Mc denotes the FC magnetization value.
be devised to obtain magnetization values which are free
netization technique strengthens an earlier conclusion frorfrom such artifacts. We have done this, by analyzing the raw
nonequilibrium transport studies orH2NbSe by Hender-  data using a procedure that can be termebaisscantech-
sonet al,” who measured that the transpdgtin the ZFC  nique and its salient features are detailed below.
state is considerably lower than that in the FC state for fields In 5.5-Tesla QD MPMS model, on either side of the cen-
below the peak field, . ter of the magnéf the field due to the superconducting so-
ac susceptibility measurements in superimposed dc fieldenoid monotonically decreases along the axial direction.
were performed on a home built ac susceptomét@he dc  The central idea of th&alf-scantechnique is to record the
magnetization measurements have been performed usirsgmple responsby moving it over that part of the axis so
Quantum DesigriQD) Inc. (Model MPMS superconducting that the sample does not experience field excursions. On the
guantum interference devicdgSQUID) magnetometer. The forward magnetization curve, this is accomplished by re-

single crystals of cubic CeRuand hexagonal B-NbSe  cording the sample responealy betweernz= -1 andz=0.
were mounted on the sample holder such that the field i#\s the magnetization of the sample stays nearly constant for
parallel to the cube edge amdaxis, respectively. Usually, —1<z<0, we can fit this data to E41) and obtain magnetic

the measurement of magnetic momantin the MPMS  momentm on the forward magnetization curve. As illus-
SQUID magnetometer involves sample motion along thdrated in Fig. 2a), the SQUID response in the conventional
pickup coil array in the second derivative configuration, overmeasuremen(spanning—1 to |) fits very poorly to the ideal
a scan length 2 The magnetic momenn is obtained by dipolar response given by E@l). On the other hand, the
fitting the sample responsmeasured over-1<z<I to the half-scanresponse measured between—2 cm andz=0
form, gives an excellent fit to Eql). The SQUID response of
2H-NbSe single crystal, shown in Fig. 2 is measured at 4.5
V=a+bz+mce(z—2zp), (1) K in a field of 8 kOe, i.e., very close to peak field,.
Similarly, to obtain the magnetic moment on theverse
magnetization curve, the sample is initially positionedzat
_ 2 _rp2 21-3/12 2. 2\-312 =0 (i.e., where the field is maximum along the axis of the
#$(2) = (noRY2){ ~[R°+(z+2)°] 7+ 2(R°+2°) solenoid. The SQUID response shown in Fig(b® is re-
—[R?+(z—2)?]" 3. (2)  corded by moving the sample between0 andz=1. Mag-
netic moment is then obtained by fitting this response to Eq.
Here,a, b, andzy account for constant offset, linear drift, (1). The SQUID responses shown in Figéa)2and Zb) have
and possible off centering of the sample, respectivBly. been compensated for the offsetand the driftbz [cf. Eq.
(=0.97 cm is the radius and 2 (=3.038 cm is the distance (1)].
between the two outer turns of the pickup coil arrays the Figures 3 and 4 summarize the central results of magne-
sample distance from the center of the pickup coil array andization hysteresis and ac susceptibility experiments in crys-
c is the calibration factor. This analysis implicitly assumestals of CeRy (3x1.5x0.8 mn?) and 2H-NbSg (2Xx2x0.4
thatm is constant along the scan length and therefore indemn?). It may be stated here that theH2NbSe crystal is
pendent ofz. But, as described in Ref. 13, when a superconfrom the same batch as was used by Hendeetaal.” and
ducting sample, which exhibits PE, is moved in an inhomo-CeRy crystal is the one used for de-Haas van Alphen stud-
geneous external field, its magnetic moment can becomies earlielt®> As mentioned earlier, both these superconduct-
strongly position dependent, leading to spurious experimening systems are weakly pinned and the crystal pieces chosen
tal artifacts in the data. Thus, an appropriate method needs for present measurements have comparable levels of

where,
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FIG. 4. (a) A portion of the magnetization hysteresis curve in a

FIG. 3. (a) A portion of the magnetization hysteresis cufea- '
crystal of 2H-NbSe recorded at 5.1 K foH||c using thehalf-scan

compassing the PE regiprecorded at 4.5 K foH||[ 100] using the ! d al using :
half-scantechnique in a CeRucrystal. Also shown are the magne- technique. The FC magnetization curves originating from different

tization values recorded while decreasing the field after cooling thd/lc Values are also showrb) AC susceptibility forH|c in both
sample in(preselectex different external fields. The iniiaM. ~ £FC @nd FC modes as described in the caption of Fig. 3

values are identified by filled diamonds lying on the dashed curve.

Each FC magnetization curve initiates from a differbhic value.  tjon curve[see Figs. @) and 4a)]. On further reducing the

(b) AC susceptibility measured with,; = 0.5 Oe aff = 211 Hz,  fie|q, the magnetization values fall sharply and the FC mag-
for H|_\_[100] at4.5 K(i) after cooling the sample in zero fildFC) — etization curve merges into the uswaversemagnetization

ar’1d (if) after cooling the.sampl,e different fields each tiffc). hysteresis branch. The first observation that the magnetiza-
X' (H) values are normalized te’(0) - tion values initially go beyond the conventional hysteresis

quenched disorder in thetfi.Figures 3a) and 4a) display l00p is a clear indication of. at a givenH in the FC state

the magnetization hysteresis loops in the PE regime ofJEC) being larger than that for the vortex state at the sbime
CeRy and H-NbSe, respectively. The pronounced in- value on the usualeversemagnetization branch. The later
crease in the hysteresis in the PE region of both Geltil ~ observation that the FC magnetization curve eventually
2H-NbSe signify the anomalous increase in the critical cur- merges into thereversemagnetization branch implies that
rent density at the onset of PE. Figurg®)3and 4a), also, the FC vortex state transforms to a more ordered ZFC-like
show the magnetization curves measured in reducing fieldstate as the vortex state adjusts to a large enough change
after having cooled the samples in the preselected magnet(d?* Oe for CeRy and 10 Oe for 2i-NbSe) in the external
fields to a given temperature. The preselected field cooledc field. A neutron study on a crystal of CeRuhad shown
magnetization states can be identified by filled diamonds lythat the FC state far below the PE region comprised much
ing on the dashed line in Figs(# and 4a). Magnetization ~more finely divided blocks than that in the ZFC state. Keep-
of the FC sample in reducing magnetic field is measured inng this in mind, on the basis of present results, it may be
the same way as theversemagnetization curve is gener- stated that the finely divided FC vortex state heals to the
ated. In ac susceptibility measurements, the PE manifests viaore ordered ZFC state in response to changes induced by
an enhancedshielding diamagnetic response. FigurébB large external field variation.

shows the plot of in-phase ac susceptibility’} vs H in The ac susceptibility data ir_1 Figs(t8 and 4b) corrobo-
ZFC and FC states in CeRurystal at 4.5 K and Fig.#)  rate the above-stated conclusions. As per a CSM régylt,
shows similar results for2-NbSe crystal at 5.1 K. They’  =—1+ah,/J., where « is a shape and size dependent

data points in FC states were measured after cooling dowparameter andh,. is the ac field amplitude, the higher dia-
the sample in a giveH to the respective temperatures from magnetic response in the FC state as compared to that for the
the normal state. ZFC state, reflects largek, in the former state. The history

It can be seen in Figs(8 and 4a) that the magnetization dependence iy’ response ceases above the peak position of
curve measured on field cooling iH>H, readily merges the PE region. Also, at very low fieldsH(<1 kOs), the
with the usuakeversemagnetization curve. This can be well difference between FC and ZFZ response is seen to de-
understood within the framework of the conventional critical crease, consistent with transpdg measurements of Hend-
state modef;° which assumes thal, is a single valued ersonet al.’
function of (H,T) (see Fig. 1L However, when field cooled In the Larkin-Ovchinikov® description of pinning in su-
in H<H,, the magnetization values obtained by reducingperconductorchocVC_1/2, whereV, is the volume of a Lar-
the external field initially overshoot theeversemagnetiza- kin domain within which flux lines remain correlated.
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SmallerJ, in the ZFC staté;!® therefore, corresponds to a ered to relate to realization of the generalized Fulde-Ferrel
more ordered FLL than in the case of the FC state. for Larkin Ovchinikov (GFFLO) state® whereas in very clean
>H,, flux lines form a quasipinned state, which appears tssamples of 21-NbSe, PE is ascribed to FLL softenirfg.
be independent of how the state is approachedHnT] Since normal state paramagnetism ¢f-AbSe is small, it
space. FOH<H,, the largerdE© can therefore be attributed could not be a serious candidate for the occurrence of the
to the formation of a more finely divided disordered state, GFFLO state. The present findings that the experimental fea-
with concomitant more pinning. While subjecting the FC tures of the mixed state prior to and across the PE region of
state to a decrease in the external field, this state eventualif)ese two systems follow identical course would support the
goes over into a relatively more ordered ZFC state with aview that their behavior in the PE regime presumably reflects
largerV,, as manifested by a steep fall in the magnetizatiorthe same generic physical phenomenon that occurs in the
values(after overshooting theeversemagnetization brangh ~ mixed state in a weakly pinned flux line lattice while ap-
A change from a disordered state to a more ordered vorteRroachingH,.
state can also be brought about by other kinds of perturba- To conclude, we have demonstrated through dc and ac
tions as well. For example, in our ac measurements, we olgnagnetization measurements witthalf-scantechnique, in
served that the largéshielding diamagnetism of the FC the mixed state of CeRBuand 2H-NbSe, that there are siz-
state suddenly collapses to that of the ZFC state on increagble thermomagnetic history effects in their critical currents
ing the ac field amplitude momentarily to about 5 Oe. ThebelowH,, where the peak of the PE occurs. We have shown
metastable FC state per se is very robust, on the time scale #fat these effects imply a more finely divided disordered vor-
duration of our experiments, i.e., several hours, it is observetex arrangement for the FC state, as compared to that for the
not to transform towards the ZFC state fof.<2.5 0e?® ZFC state. It should be noted that the critical currents re-
Although by no means obvious this way afinealingaway ~ mains finite aboveH,. This suggets that the glassy state
the disorder of the FLL in the FC case is akin to annealing byaboveH, is weakly pinned and a change to a completely
a passage of large transport currént. unpinned state does not appear until the higher fig¢ld.
CeRy and H-NbSe are very dissimilar superconduct- The implication of these results with respect to the occur-
ing systems as regards their microscopic physics; the formgence of PE behavior, fishtaflsecond peak etc., in the
is a mixed valent system whereas the latter is a layered chaGuprate superconductors, such as YBaO,_, and
cogenide which exhibits charge density wave behavior in it8i,Sr,CaCuyOg, remains an interesting topic for further in-
normal state. In the context of vortex state of superconductvestigations.
ors, the PE phenomena in weakly pinned sanfglof
these two systems has been in current fdepparently due
to different reasons. PE in CeRias (often) been consid-
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