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Anomalous peak effect in CeRy and 2H-NbSe,: Fracturing of a flux line lattice
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CeRy and H-NbSe display remarkable similarities in their magnetic response, reflecting the manner in
which the weakly pinned flux line latticé-LL) loses spatial order in the peak-efféPE) regime. We present
evidence for discontinuous changes in the screening response near the onset of the PE in these systems, and
demonstrate history-dependent effects. We attribute these features to a disorder-induced fracturing and en-
tanglement of the FLL, as an alternative to the appearance of a spatially modulated ground state for CeRu
[S0163-182608)05725-7

The process by which a flux line latti¢€LL) loses spa- the pronounced nature of PE itH2NbSe undergoes a rich
tial order in the presence of random pins is a subject of greagvolution when the quenched disorder is variedndeed,
current interestin a variety of highT, and lowT supercon-  recent transport), measurements along differentd (T)
ducting systems. A physical phenomenon that relates to thisaths in both CeRu and 2H-NbSe display similar
process is the peak effe@®E), which is the occurrence of a features'’® Since the latter has a small normal state
peak in critical current density. of the system below its susceptibility? it is not a candidate for the GFFLO state.
normal phase boundafyNumerous recent studiés®of the  This raises the questionls the PE in CeRuof an origin
PE have been reported in several I3wsystems and these (ifferent from that in NbSgor do their magnetic responses
include two very dissimilar compounds: the cubic Lavese|ucidate the transformations generic to a weakly pinned
phase C15) intermetallic CeRu(Refs. 4—-8 and the layered  FLL while approaching its normal phase boundary?
dichalcogenide BI-NbSe.>~*> An abrupt transition between  |n this paper, we present results of dc and ac magnetiza-
weak and strong magnetic irreversibilitiye., the PEin the  tion studies in CeRuand 2H-NbSe, which show their re-
vortex state of CeRuhas been attributédo the appearance markable similarity. In particular, both systems shomo
of a generalized Fulde-Ferrel-Larkin-Ovchinnik@@FFLO)  discontinuous transformations in the in-phase ac susceptibil-
state, which is characterized by superconducting order paty (y'), one at the onset of PE and the other at the peak of
rameter having nodes in real space along the flux fés?  the PE. We propose that an explanation for the observed
and is believed to occur in systems with large normal statghenomenon is to be found in the process$ost of orderof
electronic susceptibility’ For the GFFLO state, vortex the FLL , hamely, the occurrence of a fracturing and/or en-
line(s) can become segmented into coupled pieces of lengthgnglement of the FLL, and does nat,priori, require the
comparable to the wavelength of the modulation in the orderealization of a GFFLO state in CeR**
parameter, and these segments could conform more easily to The experimental data are obtained from a standard Quan-
the inevitably present pinning centers, thereby enhancingum Design Inc. superconducting quantum interference de-
pinning. The H-NbSe system is being widely pursu&d®  vice magnetometer and an ac susceptontétéhe crystal of
due to its weak pinning propertyl{/J,~10"% in its clean- CeRy (2.75<1.45<0.9 mnt) with T,(0)~6.3 K is the
est sample$;J, is the depairing current densjtyMoreover,  same as the one used for a de Haas—van Alphen $fuhd
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FIG. 1. Panelsa and (b) show M-H curves in CeRyu and
2H-NbSe, respectively, at the temperatures indicated. The insets i%s
(& and (b) show the in-phase ad =211 Hz,h,=0.5 Oe(rms)]
susceptibility ') vs H. [The width of the hysteresis bubble in
CeRy in panel(a) is about ten times smaller than that iRl 2NbSe
in panel (b), though the two samples have comparable physica
dimensions. Transpod; in CeRy and 2H-NbSe are estimated to
be ~10? and~10> A/cm?, respectivelyl

FIG. 2. x'(T) in crystals of CeRpand 2H-NbSe at dc fields
indicated. The upper pand® and (b) show x' response re-
corded during warm-upW) from the lowest temperature<{4 K)
for FLL prepared in ZFC and FC modes. The lower parielsand
(d) show the noise signal ip’ for FLL prepared in ZFC mode. The
lnoise signal shows jumps at, and T,, and returns to the back-
ground level betweefi, andT.. x' data shown are obtained at the
same values of frequency and ac amplitfifle-211 Hz,h,=0.5
Oe(rm9)], though all features in focus are independent of frequency
the crystal of M-NbSe (2x1.5x0.3 mn?) with (10-10° Hz) and amplitude (0.2 Oe.
T.(0)=6 K is from the same batch utilized by Henderson
et all® In the two crystals, the values &g /R, are 13  field is applied; in the other, it is cooled in a figleiC) to the
and 11, respectively and they appear to have similar levels gfame temperaturey’ data are recorded during warm-up
quenched disorder leading to comparable levelgvefak  (FCW). Note that the difference iry’ between ZFC and
pinning as obtained from dc magnetization hysteresis data iRCW curves occurs over a wide temperature range. This dif-
the PE region. Furthermore, they also have comparable vaference implies the importance of disorder in the FLL as it
ues of the Ginzburg parametétefined as the ratio of ther- reaches different{metastable states for the saméd, T
mal energy to condensation enelgyGi~5x10 % and value!® (This is reminiscent of magnetic response in spin
~3x10 % in CeRy and 2H-NbSe, respectively. These glasse¥). The FC state produces a higher diamagnetic
values are considerably larger than those for typical Tow- shielding response, implying that the FLL is more strongly
alloy systems(but smaller than those for the high- pinned with a larged, than that in the ZFC stat@.Within
cuprate?), thereby implying the possible importance of ther- the Larkin-Ovchinniko%* description of collective pinning,
mal fluctuation effects in the systems under study. GeéRu the pinning force is given bprchBz(np<f,23>/VC)1’2,
almost isotropic é~1.05) and H-NbSe is anisotropic ¢  wheref, is the elementary pinning forca,, is the density of
~3.3). However, PE in the latter system is observed in alpins, andV. is the volume of Larkin domain within which
orientationd in a way consistent with anisotropic Ginzburg- the FLL is correlated! The J, values of different FLL states
Landau theory. are reflected in the in-phase ac susceptibiljy)(data via a
The main panels of Fig. 1 show the dc magnetizatiorrelation due to Bean’s critical state modél,y'~(—1
hysteresis data in the PE reginn crystals of CeRgand  + ah,./J.), Wherea is a size- and geometry-dependent con-
2H-NbSe at ~5 K. The field where the magnetization hys- stant, andh,. is the ac field. Thus the difference j be-
teresis bubble is widest identifies the peak figllg, and the  tween the two thermomagnetic historieg~C and FQ re-
collapse of hysteresis locates the irreversibility fiélg,, flects a history dependenceVhy, since neithen, nor f, can
above which the differential magnetizatiopAM/AH is  be history dependeritVe infer that the FC branch represents
positivel® The inset panels in Figs(d) and 1b) show anH much smaller regions of correlated lattice as compared to
dependence of’ at about 5 K. The PE is accompanied by athose in the ZFC branch, consistéhtwith neutron-
rapid enhancement in the diamagnegicresponse, implying ~ scattering experimentsn CeRy. Thus the ZFC state, being
enhanced pinning. more ordered, shows more marked signatures of the disor-
Earlier studie$ have shown that the onset of PE is dis- dering process with increasinf in the PE region, as com-
continuous and hysteretic, characteristic of a first-order tranpared to the FC state.
sition. The abrupt onset of PE in our measurements is seen The onset of PE in the ZFC branch in both systdefs
clearly in x'(T), in the upper panels of Fig. 2, where we Figs. 328 and 2b)] manifests itself as a reproducible
show data for two magnetic histories. In one, the system isesolution-limited jump of width<l mKin x" at T=T.
first cooled to the lowesT in zero-field(ZFC), and then the Above T, x' shows considerable structure, notably a
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smooth local minimum followed by yet another jumpTaf. '

. . 0.0 | (a) ICeRuzl REENAR I S (|:|>) I 2H—N‘tl)Se2 R
Above T, most of the history dependence disappears. We : T ;
) . . ; H=13.5 kOe : H=5kOe :
propose that the transformation®y is a disorder-inducéd oy 1P T, T ; T
fracturing and/or entanglement transformation between & (rmoony | ‘J(” P (/7100115 T,
more orderednearly dislocation freelattice to a highly de-  ~ -’ }ﬁl ; T :
fective lattice, likely analogous to an elastic-gf&4s a plas- ? /‘T | 1( i ; ,v"T l :
tic glass(vortex-glass transformatiorf° T, marks a further -(—%' oalzre  Toyrlio | ,."/ P
change into a wholly fractured amorphous stétieough = L . T i ;
pinned,J.#0 atT=T,). In what follows, we present results & 'j ZFC To!
that support this conjecture. £ :'TT l
Important clues to the differences in the states above anc = WY "L.'
below the jumps aff, and T, are obtained from the noise M 4

data iny’ for the ZFC state, shown in the lower panels of 081 Fce _
Fig. 2. Fluctuations iy’ are measured using a lock-in am- 4;0 4'75 560 o 4:50 4-75 5Ioo 5|25
plifier with a flatband filter. The noise signal increases : ’ : - . - - :
abruptly atT, in our experiment, remains large in the PE Temperature (K')

regi.on,. and finally degreases gbo"v’g with an assE)ciated FIG. 3. x'(T) curves following differen scansT,, T, . and
vanishing of m_etastablll_ty an_d history dependencg inThe T, identify the temperatures up to which a given sample was
present experiment primarily probes the response of thﬁ/armed up each time after preparing FLL in ZFC state at 4.2 K.
pinned FLL; thus the fluctuating signal ji' corresponds to The x' data were recorded while cooling dowRCC) from T,,

transformations among the metastafpiianed states of FLL 1, andT,,. The dotted lines ir(a) and (b) sketch(respectively
accessible from the ZFC branch for a giviep. (Note that  the ZFC curves of Figs.(@) and 2b).

the ZFC branch itself is a metastable state with a deep mini-

mum, and a large bar_ggrgeparate; it from,,say, the FCstateyatis) during warm up in the ZFC state is significafhis is
Flux flow noise studi on moving FLL’s have shown 5 ¢jear indication of a transformation at o1 above which

that, slightly above the depinning currethe PE region in 6 system is so disordered that its past history is immaterial,
2H-NbSg is especially noisy due to spatially inhomogenous;nq such a disordered state can be preserved (“super-

plastic flow channels that, however, persist in the pi”nedcooled”) down to much lower temperaturé§<T,).
state.Thu; the abrupt increase in the noise signal gtin (c) For Ty<T<T,, the system is cooled down from the
our experiments would imply the sudden enhancement of,ially disordered statey’ starts to increas§see open
transitions among metastable states associated with plasiigqes’in Figs. 8) and 3b)] on loweringT (from T;). It

creep and slow dynamics of the dislocations and graifir; gyershoots the ZFC cycle in an attempt to recover the

boundaries in the fractured flux line lattice. The noiseTat ,ore ordered FLL as in the ZFC branch: however. at a tem-

<Tp is very small, due presumably to the absence of disloperatyre near, but, slightly abote,, it drops precipitously
®

cations below the onset of fracturing of the FLL, while the ;5 5 value close to the FCW branch inst¢admpare data in

collapse of the noise at highdris consistent with a phase Figs. 3a) and 3b) with curves in Figs. @) and 2b)]. This
cancellation of a large number of incoherent fluctuators in

the fully disorderedamorphoug state.

L B I

60 T T t T —r—

A detailed study of path dependenceyih yields striking t M, CeRu, bk M oHNbSe,
results, as shown in Fig. 3The dotted lines(with data {5 - He |
points omitted in Figs. 3a) and 3b) identify the y’ curves 50 ? H//[100] : Hife
recorded while warming up from the lowe$tin the ZFC Y [ \L L unpinned |
state; these data are also contained in Figa) a&nd 2b).] P\ UnpinedVortexstate | [ " \} % Voriexstate |
The FLL system, prepared in ZFC state at the lowksis 40 \

warmed up to a preselected temperatliyesuch that(i) T
<Tp, (i) Ty<T<T,, and(iii) T,<T<T.. The following
features are noteworthy in Figs(@® and 3b).

(@ For T<T, the x' data during the cooldown cycle
retraces the response during the warm-up ZFC cycle.

(b) For T,<T<T,, during the cooldown cycley’ (see
triangles initially retraces(down toTy) the ZFCx' curve,
but eventually, al <T,, the cooldowny’ curve resembles ol
that recorded while warming up in the FC mofd®mmpare Elastic Glass
FCC curves in Figs. @) and 3b) with FCW y’ curves in
Figs. 2a) and Zb)]. In the intervening temperature region,

30
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Field (kOe)

* Normal |
Glass A
Plastic

\ - State -
20 r Glass A State
¢

Elastic Glass

Tp<T<T,, x' [in Figs. 3a) and 3b)] values are different 2 s 4 s 6 73 4 5 6
from those lying on both the ZFC and FCW curves in the Temperature (K)

corresponding upper panels of Fig. 2. The observation that,

down toT, (see Fig. 3, the cooldowny’ retraces the com- FIG. 4. Magnetic phase diagrams i@} CeRy and (b)

mon warm-up(dotted curve, and that, after crossifig,, the ~ 2H-NbSe, depictingH,, H,, Hi,, andH,, lines. For justification
system proceeds to the FC-like state instead of followingpf nomenclature of different vortex states, see text.
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striking result suggests the following scenario. With increas—= g,,(c//Gi)H¢,(0) (Tc/T)2[ 1 —(T/T.) - (Bm/He(0)) 1,

ing T toward the PE region, the FLL softens, the energywhere,,=5.5 (Ref. 1) and Gi=5x10"* and 3x 10~ * for
needed to create dislocations decreases, and the lattice sp@eRy, and 2H-NbSe, respectively, we obtain a reasonable
taneously fractures &ty . Upon loweringT from within the  yajye of Lindemann’s parameter= 0.13 for both systems.
PE region, the lattice stiffens and stresses build up. The sy§qowever the system above ;{H) has finite pinning al-
tem fails to drive out the dislocations in order to heal back tohqgh it has little or no hist(p)ry dependence in the macro-
the ZFC state. Instead, it fractures further in order to re“evescopicx’ responseThus the transition at theH(,,T,) line

stresses and reaches_ th‘_e other available metz_istable ?t%y be a disorder analog of melting, i.e., from the plastically
namely, the FC stat&his yields an open hysteresis curve in deformed solid to a pinned amorphous phase. Above the

T (i.e., one cannot recover to the original ZFC-type state b .
cyE:Iing in T alone), which is highly ugusual, andyr?ot seen ir):(H‘"’ Tirr) line, Eq, overcomess,y, and the system crosses
typical first-order transitions in the absence of disorder. over to what appears to be a reversible vo_rtex state.

Data such as in Figs. 1 and 2 were obtained at various The results presented here show the eX|stenc_e of _not one,
values ofH andT and the resulting loci of various anomalies PUt tWo, sharp changes in the peak effect region in both
at (Hp,Tp), (Hp,Tp), and Hy,,Ty,) are plotted as mag- CeRy and_ H-NbSe. Based on av:_:ulable d_ata, we suggest
netic phase diagrams in Figsatand 4b). In what follows,  that the first one at theH(,,T) line, attributed to the
we propose a qualitative picture of the sequence by whiclFFLO state in the former systefris a disorder-induced
the FLL loses order, based on the competition among thregolid-to-solid transformation, analogous to fracturing and en-
energy scales: the elastic enerfy,, the pinning energy tanglement of a nearly defect-free lattice into a highly dislo-
Epin, and the thermal enerdyy,.2% At low T, E, dominates ~ cated one. Furthermore, the entire sequence of disordering of
and a phase akin to an elastBragg glass phase occufs. the FLL from the defect-free lattice below thel £, To) line
With increasingT, E, decreases faster th&i,;,, and above to an unpinned vortex state above thé(, T;;) line appears
the (H,,T) line, E,j, dominates, leading to a proliferation to be generically the same in both systems. More theoretical

of topological defects, likely similar to the vortex-glass— and experimental work is needed to understand the details of
entangled-solid phasé?*%his transformation would thus the intervening states and the transitions and crossovers

be explicitly disorder driven, and has no analog in the
disorder-free caseAt even higherT, at the H,,T,) line,
E, overcomesk,, and the residual order is lost due to ther-
mal fluctuations. Indeed, fitting this line to a FLL meltinglike
curve (for instance, Eqg. 5.9 of Ref. )l B(T)

among them.
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