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Flux pinning mechanisms in ErNi,B,C
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We present local Hall probe measurements of the superconducting and magnetically ordered material
ErNi,B,C (T,=10.5 K, Ty=6 K). The onset of incommensurate antiferromagnetic ord&xatwithin the
superconducting state, results in an increase in vortex pinnin@|for For B c no increase in pinning is
observed affy, consistent with the notion of vortex pinning by planar magnetic domain boundari@&)dor
The development of a weak ferromagnetic component belgy=2.5 K results in a further increase in
pinning for both orientations, suggesting that a different mechanism is responsible for this second increase at
lower temperatures.
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ErNi,B,C is a fascinating material exhibiting both super- to be confused with the structural domain walls which appear
conductivity and antiferromagnetic order below,  belowTy) is a net moment of about 0.3.5/Er in theb-axis
~10.5 K andTy=6 K respectively— It is a member of direction* _
the RNi,B,C series of materials in which the rare ea(ftE) Small-angle rlleutron.scattenr(@ANS%_Tgeas.urements of
can be occupied by one of the magnéfe, Tm, Ho, Dy, Pr, the mixed state in thBNi,B,C material®®3typically show

Nd, Tb, GJ or nonmagnetidLu, Y) elements. The super- the existence of a distorted hexagonal vortex lattice aligned

conducting transition temperatures vary from about 15 K forWith the crystallographi¢100] axis at low fields which un-

R=Lu or Y, down b 6 K for R=Dy, where strong pair dergoes_a tran.sformatizgvfg a square lattice a_Iigned with the
breaking by the magnetic RE moments leads to reduced vali—llo] axis at h|gh fields™ = A couplmg of vortices to the

. : magnetic order in ErNB,C has been inferred from SANS
ues OfTC.’ scaling roughly with the de Gen_nes factor asS0 neasurements which show a rotation of vortices away from
ciated with the RE moment. Superconducting upper criticajhe annjied field direction and disordering due to increased
fields B, are as high as 10 TR=Lu) with the Ginzburg-  ,inning in the weakly ferromagnetic state belew2.5 K10
Landau parameter ar.ound 5._ Reviews of .supercongluctn(ny Our pinning studies on ErbB,C (Ref. 14 and HoN;,B,C
and magnetic order in thBNi,B,C materials are given in (Ref. 15 have shown that the onset of significant bulk pin-
Refs. 2 and 3. ning is coincident with the appearance of taxis incom-

The magnetic ordering of the RE ion is in most cases amensurate antiferromagnetic order whBjc; i.e., pinning
antiferromagnetic spin density wau&DW), although the  “switches on” in the temperature region in which theaxis
modulation vector occurs along various crystal directions foincommensurate SDW exist§ €6 K for ErNi,B,C, 5 K
the different members of the serihe SDW can be either <T<6 K for HoNi,B,C). In Refs. 14 and 15 we speculated
commensurate with the crystal structMd, Dy, Pr, HQ or  that vortices may interact with local magnetic moments at
incommensuratéEr, Tm, Tb, H9.® In ErNi,B,C the EF* structural domain boundaries in the ordered state and there-
moments order into an incommensurately modulated SDWore introduce pinning. Recent magneto-optical measure-
(Ref. 4 at Ty. This is accompanied by an increasingly ments of our crystafshave indeed verified that locally fer-
orthorhombic distortiohwith decreasing temperature below romagnetic domain boundaries exist only for temperatures
Ty which causes twinned structural domains to f8rithe  below Ty, for ErNi,B,C. The additional pair breaking due to
Er*" moments are modulated along the longeaxis with  this local moment at the domain walls provides a more rea-
incommensurate wave vect.5536,0,02* This modula-  sonable explanation for the observed pinning enhancement
tion “squares up” continuously with decreasing temperaturethan does the intrinsic magnetic modulation of thé'Eions
as higher-order harmonics are introduced. The onset ahemselves, which occurs over length scales far smaller than
a-axis incommensurate order is thought to be responsible fahe vortex diameter.
strong pair breaking and the suppressiorBgf close to the Flux pinning in theRNi,B,C materials is generally rather
ordering temperature’ A weak ferromagnetic component weak and vortex behavior is instead dominated by
develops belowl,;=2.5 K where the magnetic modulation surfacé®'’and geometrical barrier effect$!®19The use of
is modified by the appearance of ferromagnetic domain wallocal Hall probes allows us to separate the intrinsic pinning
with two aligned spins at intervals along the S3Whese behavior from these geometry dependent barrier effects. In
boundaries are correlated in thec plane to form planar this paper we present local Hall probe array measurements of
ferromagnetic sheets with adjacent sheets not well coupled twingle-crystal ErNiB,C. We show that there is no significant
others along tha axis. The result of these domain walf®t increase in pinning for vortices aligned perpendicular tocthe
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axis below the incommensurate magnetic ordering tempera- Position [um]
ture Ty in contrast to the case where vortices are aligned 40 0 40 80

parallel with thec axis!* Our results provide further evi- ' w

dence to suggest that the increase in pinningafor B c,
which is absent foB.L ¢, is due to interaction with correlated
pinning structures and is consistent with the magneto-optical
studies® Below T, pinning is further increased for vortices
aligned in either direction indicating that a different mecha-
nism is responsible for the second increase in pinning below
this temperature.

Single crystals of ErNB,C were grown using a high-
temperature flux methot® Crystals typically grow as small 35
platelets with thec axis perpendicular to the platelet surface

Induction [mT]

(b) T=4.80 K (T, <T<T))

and are often optically smooth and therefore ideal for local = zz W
Hall probe measurements. Samples were separated and cut E 74
into bars of around several hundrggin long by =160 um g 208
wide by =tens of um thick using a fine wire saw. Sample g 152
edges were prepared in one of two ways. These were either = 104
natural crystal edges or were cut using a fine wire saw. The ]

"

platelet surfaces were either the natural optically smooth sur- 0
faces or were polished until optically smooth using diamond-
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impregnated polishing papégrit sizes down to 0.5um). 80

The latter method was used to reduce the thickness of the = 60'

as-grown platelets to achieve an optimal geometry for mea- E T

surement or for measurements with the field aligned perpen- g’ 404 Y (0 T-1.73K(T<T,,)
dicular to thec axis where optically smooth crystal surfaces 3 A , “
do not readily occur in the natural growth. Linear arrays of - 205
Hall sensors were lithographically fabricated on GaAs wa- y \ TR x
fers with an active GaAs/GaAlAs two-dimensional electron 0‘ e p ok
gas grown by molecular beam epitayEach of the 11 sen- 12345678 91011
sors has an active area of 1®mx 10 wm and separation of Prabe number

10_ pum. Samples were m_ounted face down onto the Sensors kg 1. Field profiles for ENIB,C with BLc at (@) 7.0 K (T
using nonadecane wax with probes spanning the full width of. 1 ) (1) 4.8 k (T,,,<T<Ty), and (c) 1.73 K (T<T,,), for

the crystal. ' increasing(open symbolsand decreasingsolid symbol$ applied
Figure 1 shows field profile data for an EgB,LC crystal, field.

prepared such that tleeaxis was perpendicular to the applied
field (BLc). The crystal is one of the bar-shaped sampleshose recorded abovEy [Fig. 1(a@)] in clear contrast to the
used in Ref. 14, turned on its side such that the applied fielthehavior observed foB|c where bulk pinning “switches
was now perpendicular to theaxis. Profiles are presented on” rather abruptly with the onset of magnetic ordét®
for both the increasingopen symbolsand decreasingsolid  This indicates that the pinning centers introduced by the
symbolg applied field sections of the hysteresis loop. At low magnetic order appear to be ineffective for this field orienta-
fields, below the field for first penetratioB,,¢,,, the probe tion at 4.8 K.
responses in the region covered by the sample are Meissner Figure Xc) shows field profiles at 1.73 K, i.e., beloly,
shielded after initial zero-field cooling of the sample. A largewhere a ferromagnetic component of the magnetic order de-
gradient in the internal field close to the sample edges meanslops. The field profiles in Fig.(&) are very different from
that large shielding currents are present. This indicates thahose in Figs. (@) and Xb) and exhibit a distinct 'V’ shape
surface and geometrical barrier effects influence significantlyowards the sample center in increasing field and
the penetration and equilibrium and nonequilibrium distribu-‘inverted-V’ shape in decreasing field. This is characteristic
tion of vortices within the sample at all temperatures. Sur-of significant bulk pinning and a critical state. The effects of
face and geometrical barrier effects are discussed in detail istrong surface and geometrical barriers continue to modify
Refs. 16—19 and Refs. 14, 15, and 21 in relation to thehe shape of the internal field profiles in ascending applied
RNi,B,C materials. field where the profiles are more rounded close to the sample
Figure Xa) shows field profiles at 7.0 K. As expected edges. The double-dome profile shown in Fig) Is typical
aboveTy, a single-dome profile on increasing field and al- of that observed when surface and geometrical barriers op-
most flat profile on decreasing field indicate that bulk pin-erate in combination with bulk pinning. Thus, fBrL c, sig-
ning is weak and the vortex response is dominated by surfaagificant bulk pinning only appears to be effective below
and geometrical barrief$:** A similar behavior is shown in  T,=2.5 K.
Fig. 1(b) at 4.8 K, below the magnetic ordering temperature. To carefully distinguish between regions where bulk pin-
The field profiles are again dome like and are very similar toning is significant or where edge barriers dominate, the in-
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FIG. 3. Field gradientyB,/dx, vs temperature for increasing
(open symbolsand decreasin(losed symbolsfield cycles at con-
stant edge fieldB,yqe, for (a) Bllc at 30 mT(triangles: Dewhurst
et all* squares: this wopkand (b) Bs-Bg at 40 mT forBL ¢ (this
work).

FIG. 2. Field gradien®B,/dx, vs edge fieldB, at(a) 7.00 K, (b)
4.80 K, and(c) 1.73 K corresponding the flux profiles presented in
Fig. 1. 9B,/ox is approximated byBs—B,] (solid symbol$ and
[B;—Bg] (open symbols divided by their spatial separation.

ternal field gradientB,/dx can be analyzed as a function of
field or temperature. We approximai#®,/Jx as the differ- ing branches of the hysteresis loop. A negatipesitive
ence in induction between adjacent pairs of probes, dividedB,/dx in increasing(decreasing field indicates that bulk
by their spatial separatiofi.Figure 2 shows the field gradi- pinning dominates the vortex behavior while a positive
ent plotted against the edge fieldB,/dx vs B4, for data  (close to zerpdB,/dx in increasingdecreasingfield is due
presented in Fig. 1 at temperatures of 7.00TKX(T}), 4.80 to surface and geometrical barriers and the absence of bulk
K (T i<T<Ty), and 1.73 K T<T,). In each figure pinning. Figure 8) shows dB,/dx vs temperature B,
dB,/ox is plotted for two pairs of probe§Bs-B,] (solid =30 mT) for the ErNjB,C crystal for which the applied
circles and[B;-Bg] (open circles Determination of the in- field is parallel to thec axis, and includes data presented in
ternal field gradients from several pairs of sensors on oppoRef. 14. ForB||c bulk pinning “switches on” at about 5.5 K
site sides of the crystal provides a useful consistency checkom a background dominated by surface and geometrical
and is particularly important when there are significantbarriers and almost coincident with the onset of magnetic
asymmetries in the strengths of the surface barffefig-  order atTy.* A further increase in the magnitude @B,/ 9x
ures 2a) and 2b) showdB,/dx vs B, at 7.00 K and 4.80 K, occurs at 2 K, just belowl ;. Figure 3b), on the other
respectively, when surface and geometrical barriers dominateand, shows a very different behavior #t c. Surface and
the hysteretic response and bulk pinning is almost entirelyyeometrical barriers dominate the vortex behavior continu-
absent. The domelike profile in increasing field results in ausly throughTy . A sharp change in gradieand sign of
positive 9B, /dx while an almost flat profile in decreasing ¢B,/dx at aroundT,;=2.5 K shows that significant pinning
field results in value close to zero and consequently awitches oronly below T,.
“clockwise” 9B,/dx hysteresis loop. Figure(® shows that Recently, Sahaet al® have used magnetic decoration,
when bulk pinning dominateg)B,/dx traces an ‘anticlock- magneto-optics, and scanning Hall probes to investigate vor-
wise’ loop and is more symmetric due to the V- and invertedtices and magnetic domains in our EjRC single crystals.
V-shaped profiles for increasing and decreasing fields. Th&hey show the existence of locally ferromagnetic planar do-
magnitude of the field gradient close to the sample centemain boundaries along tH&10] and[110] that appear only
allows an estimate for the critical current density to be madéelow Ty and are thought to accompany structural twin do-
and is of the order of T0 Acm™? at 1.73 K, approximately mains due to magnetoelastic distortion of the crystal laftice.
an order of magnitude greater than #jfc at similar tem-  Sahaet al. show that the domain boundaries have a ferro-
peratures. magnetic moment parallel to the domain plane direction (
In Fig. 3 we plotgB,/dx vs temperaturgat fixedB,) for  axis) that is expected to lead to enhanced pair breaking at the
both orientationd|/c andB.L ¢ extracted from a number of domain walls. The spacing between domains is about
field profile measurements at closely spaced temperature iI3—10 wm and therefore may provide a suitable pinning mi-
tervals. Data are presented for both increasing and decreasrostructure for vortices below, for B|c. In a manner
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analogous to heavily twinned YB&wO,_ 5,%>% “corre-  related to the twin domain boundaries of structural origin
lated” planar pinning centers yield a strong dependence opbserved at higher temperatufeShe fact that we see in-
the pinning strength on the sample orientation and becomereased pinning for both orientations beldv;, but only
largely ineffective when vortices are tilted away from the for B|c below Ty provides strong evidence that the two
correlation direction. Our observation that pinning does notnagnetic-order-induced pinning mechanisms are different.
appear afl for BLL ¢ supports strongly the notion that mag- These favoring a pointlike pinning description or correlated
netic domain boundaries are responsible for the onset of pirpinning in the former and latter case, respectively.
ning in ErNi,B,C below Ty with B||c. In summary, we have used local Hall probes to investigate
Below T, a second increase in bulk pinning is observedvortex pinning in ErNjB,C for BL ¢ andB|c. For vortices
for both orientations||c andB.L ¢ as reported by Gammet  aligned perpendicular to theaxis, significant pinning devel-
al.® and shown here. The dramatic onset of pinningBarc ~ ops only belowT,;=2.5 K, in contrast toB||c for which
below T, (well belowT,) suggests that a different pinning pinning “switches on” coincident with the-axis incommen-
mechanism is responsible below this temperature and that #urate antiferromagnetic ordering transitionTat=5.8 K.
is related to the onset of weak ferromagnetic order. Gammedbemonstration of the pinning anisotropy beldwy provides
et al. argue that the net ferromagnetic moment of &3/Er  further evidence that the magnetic-order-induced pinning for
can be interpreted as sharp domain walls in the SDW, i.eB|/c is due to interaction with planar magnetic domain
ferromagnetically aligned spins every70 A 8 These local boundariegcorrelated disordgmelated to the tetragonal-to-
ferromagnetically coupled moments are also expected torthorhombic structural transition. A different point disorder
cause enhanced pair breaking and therefore pinning for vopinning mechanism is required to explain the second in-
tices. The spacing of the domain walls in the SDWcrease below=2.5 K observed for both crystalline orienta-
(=70 A)is far smaller than =800 A, ¢=150 A, orthe tions.
boundaries observed by Sabtal. and should be expected E.Z. acknowledges the support of the German-Israeli
to exhibit pinning properties of a different nature from thoseFoundation for Scientific Research and Developm@&iE).
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