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Small Angle Neutron Scattering Studies of the Vortex Lattice in theUPt3 Mixed State:
Direct Structural Evidence for the B — C Transition
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Small angle neutron scattering studies of the flux line lattice (FLL) in;Uétfields H L ¢ provide
direct microscopic evidence for the 5 k@e— C transition. We find a pronounced maximum in the
longitudinal correlation length of the FLL at the transition and an abrupt change in the field dependence
of the scattered intensity which can be interpreted as a 15% decrease in the coherence length and a 9%
increase in the penetration depth, consistent with discontinuities in the critical fields. Finally, in the
low field phase, the FLL distortion evolves roughly linearly with field, while in the high field phase it
appears to be less field dependent. [S0031-9007(97)02976-1]

PACS numbers: 74.70.Tx, 74.20.De, 74.25.Dw

The heavy fermion metal UPtemains the cleanest and are compelling evidence that there exists a change in the
most unambiguous example of a nomwvave superconduc- microscopic superconducting state in YRt theB — C
tor [1]. One consequence of this nerwave pairing is  transition. In the accompanying paper [8] it is shown how
the extraordinary and complex phase diagram [2] for thehese results are consistent with a two-component order
mixed state, shown schematically in the inset to Fig. 3parameter model.
For s-wave pairing, there can be only one superconducting The UP{ crystal used here has been thoroughly charac-
state. However, in URtthere are field and pressure driven terized in several previous experiments [9]. It is a right
transitions between different superconducting phases [3ircular cylinder, 5 mm in diameter and 30 mm long, with
as in superfluidHe. While the complex phase diagram the ¢ axis parallel to the cylinder axis. The 1700 A mean
can be reproduced within the framework of a multicom-free path for electronic conduction along theaxis and
ponent order parameter model [4], the theories have marniye split, zero field superconducting transition in the spe-
parameters, and detailed microscopic verification has beesific heat are indicatative of a high quality sample. The
elusive. Indeed, other competing scenarios have been iexperiments were performed on the SANS beam line in
troduced to explain various aspects of the phase diagrarthe cold neutron guide hall of the Risg DR3 reactor us-
These include transitions between single and doubly quaring an area detector 6 m from the sample. Both the
tized vortices [5], stearic effects [6] due to noncylindrical magnetic field and the neutron beam were parallel to the
vortices, and extrinsic effects [7] due to small scale phasa axis. All the SANS data shown here were taken at
separation into distinct superconducting compounds wit’h0 mK following a zero field cooled process. Field cooled
different values off, andH,,. data were found to be similar. The data in this exper-

In this Letter, we report on a detailed small angle neutroriment consist of rocking curves together with zero field
scattering (SANS) study of the mixed state flux line latticebackgrounds. Care was taken to keep the experimen-
(FLL) in UPt; as a function of applied magnetic field at tal resolution function field independent. The total rock-
T =50 mK. SANS studies of the FLL are a unique, ing curve width ise2 = o7 + x202 + yioy + (0AA,/
powerful probe of the microscopics of superconductivity.),)?, where o; is the intrinsic width of the FLL and
From them, one can extract the field and temperaturéne other contributions are due to beam divergences in
dependence of the coherence lengthpenetration depth the x and they direction and the wavelength distribution
A, three FLL correlation lengths, the value of the flux AA,/A,. The beam divergences were set by fixed pin-
quantum, and the structure of the unit cell of the FLL.hole collimation at 6 m. In order to keep the instrumental
Our data show a number of remarkable effects in the FLLcontributions too? constant as the applied magnetic field
at the 5 kOe transition, which separates the low field was changed, the neutron wavelengthwas varied from
phase from the high field phase. In particular, we find a 8.5 A at low fields to 6.4 A at high fields to keep the scat-
pronounced maximum in the longitudinal FLL correlation tering angle26 fixed, and the beam divergence contribu-
length, changes in botéi and A, and a change in the field tions nearly fixed atto, ~ 0.16° andyo, ~ 0.12°. A
dependence of the lattice distortion. These measuremerfisged AA,/A, = 0.36 gave a constatA A, /A, ~ 0.12°,
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A significant technical improvement resulted from the 500 e LA
use of (0001) single crystal sapphire windows in the ther- 400 @ + 6.5 kOe .
mal shields of the dilution refrigerator, reducing the back- 300 L 3200 seclpt. ]
ground scattering by a factor of 50. The detailed changes - 1
in the FLL unveiled in this experiment were previously 200 b4 ]
[10] obscured by this background. The coarse features 2 100 B f ' ]
of the data are unchanged. The residual background was 3 0 ST } 1
highly anisotropic [11] with significantly greater inten- 2 o0l f bt
sity along thec* direction. This background and the de- 8 (b)l _ —
creased scattering wave vector lead to redused for 2 600 i 4.0 kOe ]
the two FLL peaks along*. Because of this, we have é 400 1300 sec/pt.
assumed flux quantization [10] as previously determined £
and used the remaining four bright, first order peaks to de- 200
termine the FLL unit cell. The data shown here required
one month of reactor time to collect. It will not be pos- 0
sible to significantly improve on this experiment with the ]
present generation of reactor-based sources. -100 -0.02 0.0 0.02 0.04

Three correlation lengths [12] can be extracted from a
SANS experiment on a FLL. Two of these lengti§§!l¢
and 716 measure correlations perpendicular to the fluxFIG. 1. Shown are the raw data from rocking curves for the
lines in directions parallel and perpendicular to the reciprofLL at 7' =50 mk for fields of 6.5 kOe (a) and 4.0 kOe

. . . (b), straddling theB — C transition. Zero field data were
cal lattice vectoG. In this experiment, these two lengths subtracted as background. The figure shows total counts in

are resolution limited. The third length,, measures 57 x 7 box on the detector. The scattered wave vector is
correlations along the flux lines and is extracted from th&shown as; — ¢o, whereg, is the Bragg condition, determined

FWHM of the rocking curve widths using; = 2/70;, from the fitted center of a Lorentzian line shape. Because of
where 7 is the scattering vector and; is the intrinsic the rapid decrease in reflectivity with field, the 4 kOe data were

; ; taken with~1300 seconds per data point (3gt), whereas the
FLL width. Raw data fr'om sample rocking curves 6.5 kOe data requiredt3200 se¢/pt. Despite reduced statistics
_reve.al an aerF?t bro_adenlng ,f(H > 4 kOe as shown at the higher field, the dramatic broadening is readily apparent.
in Fig. 1. The intensity data in Fig. 1 are total counts,

after subtraction of zero field data, in aXx 7 box o i ] )
(~35 X 35 mm) on the area detector, versus distancdhe refl_ect|V|ty versus f|9|d should be linear with a §Iope
from the Bragg conditiongy, as determined from the determined by and an intercept related ta Shown in
center of Lorentzian fits. Figure 2(a) shows the inferred™19- 2(0) is the average intensity of the four bright first
values of & from all rocking curves as a function of prder reflections as a function of applled_fleld. There
field. In the region below 4 kOe, this length shows aiS @ clear break in slope at 5 kOe, which we have
gradual increase as the field increases. This effect i¢sed to define the location of the — C transition for
due to the increasing dominance of interactions ovePUr sample, as this transition is known to be sample
disorder as the field and, hence, vortex density increaséi€Pendent. Averaging all the data gives- 110 A and _
[13]. An unusual and unexpected collapseéafoccurs A ~ 6000 A as in previous studies [10,17]. The2 break in
at H = 4 kOe. Collapse of the FLL correlation lengths slope implies a change ifi at the transition with€i;on =
just below a phase transition is familiar from FLL melting 0.71£%,,. This change iné is consistent [18] with the
[14] and the “peak effect” [12] below.,. Inthose cases, change in slope of the upper critical fiebH ,/0T =
the reductions i"I6 and&™ ¢ are associated with a soft ¢,/(27&5). The change in the intercepts similarly gives
mode of the FLL. The situation in UPis less readily )\ﬁigh = 1.19A},. Changes in the fundamental length
apparent, although th® — C transition does coincide scales,A and &, of a superconductor are convincing
with a small change in the amplitude of the staggeredvidence for a microscopic, thermodynamic transition.
magnetization [9], which has been shown [15] to coupleThe changes im and & imply that the thermodynamic
to £, in the antiferromagnetic superconductor BfB4HC. critical field H. = 350 G increases witlAH. = 30 G at

If a phase transition due to a complex superconductinghe B — C transition. The corresponding energy change
order parameter was responsible for the feature at 5 kOef 125 erg/cm’ is similar to thel00 erg/cm® as measured
it would be expected to induce changes inand ¢. by studies of the specific heat [19]. The Clausius-
The intensity of the FLL Bragg reflections can be usedClapeyron relations can be used to estimate the change
to measure these microscopic lengths. The first ordein the internal fieldAB = —(AH?2/2T) (dH/dT) = 1 G,
Ginzburg-Landau correction [16] to the London form wheredH /dT is the slope of theB — C transition line.
factor gives a reflectivityR = (2777/2/\31t/16¢027)H12 This change was obscured by critical currents in global
with sample thickness and form factor H; = (¢9/  magnetization data [20], but should be observable with a

A?) (\/3/872) exp(—4m>BE£2/\[3¢¢). A semilog plot of local probe [21].
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40 ————— —— trapolationa = 20° suggests that; /m3 ~ 2.5, while the
L 1 measured [24] normal state values are 1.5—-1.8. The dis-
30 b e | crepancy is _pre_'sumably due to gap _anisotropy. How_ever,
L T 300 mK 1 the main point is that the observed field dependence in the
T o0l ; = ™ e B phase must arise fr_om a cpmplex supercondL_jcting state.
3‘; | | T=50mK | The second observation which cannot by explained within
o I % W * SANS a conventional picture is that, in thi@ phase, the opening
10 b s1_ Correlation | . . . "
St L Q Lengths angle appears to change less rapidly with field. In the high
e I ey I field phase, the slope is found to b#.37 + 0.28°/kOe,
or (a)‘ L '| L ] roughly half of the value in thé® phase. The implica-
06 I/ — - tions of this field dependence have been discussed else-
0.5 1° ! - where [22].
— oal : i Within the Larkin-Ovchinnikov (LO) model of weak,
é ) 1 random pinning, the longitudinal correlation length is
8 0.3 - | . related [25] to the critical current by, = A[(c& o)/
= o2l 2752071 | ] (2adJ.6+/12)]'/2. Studies [13] in NbSghave verified
T RPN this expression witth ~ 1. To examine this in URtwe
g 011 A/ay=1.19 | ] have extracted critical currents from two different mea-
ok | . surements—transport and magnetization. The transport
041 L ® ! } ] critical current [26] was measured usingl® X 0.5 X
B S R 4 mm? bar cut from a nominally identical boule. To min-
26 | . imize the self-heating effects in the flux flow regime,
o5 i | ] data were taken with the sample immersed’ie at
I | ] 300 mK. The data were taken by regulating the dc cur-
S 24| | 4 rent to keepdV /al fixed, equivalent to a 15 ném cri-
S - ] terion for the critical current, as the field was swept.
s 28 i ! ] These data are shown in Fig. 3. Somewhat surprisingly,
oo | | ] there is no evidence for a feature at 5 kOe in the critical
: | 1 current. One might naively expect that the critical cur-
e ——————— rent would change at thB — C transition due either to
1 2 3 4 656 6 7 8 9 10

changes in the microscopic lengthsand &, or the pin-
H (kOe) ning. Over much of the field range, we find thAtB?

FIG. 2. (a) Shown is the longitudinal correlation length asiS roughly constant. However, this is consistent with a
extracted from the SANS data (circles) and both transport (soligimple Anderson model [27] of collective pinning, where
line) and magnetization (dashed line). (b) Shown is a plot of/.B?> = ¢(cp/8l) (HCZ/)\Z) ~ 72074 wherel is the

the log of the form factor as a function of field. The break in verage distance between defed, the critical field
slope at 5 kOe implies a change in both the coherence Iengt% 5 o !
and the penetration depth. (c) Shown is the field dependenc nd p relates the free energy til;/8m. Within this

of the lattice distortion. In the3 phase the distortion is field aPproximation, the observed changeséirand A should
dependent and in th€ phase, less so. The inset defines the

anglea. The dashed line across all panels definesBhe C T T
transition.

6000

The field dependent distortions of the FLL are an impor-
tant signature [8,22] of a multicomponent order parameter.
To study these, we have done the following self-consistent
analysis. We have used the intensity data to define the
location of theB — C transition for our sample and then 2000
done a simple linear least squares fit to the data in both ol
the B and C phases. At low fields, we find the distorted ol o Togi) 08
hexagonal lattice sketched in the inset of Fig. 2(c). For ;
a simple hexagonal lattice the angle(defined in the in-
set) is 30. Instead, we find that starts out close to 20
and grows linearly with a slope 6£0.75 = 0.11°/kOe in  FIG. 3. Shown is the transport critical current as a function

the B phase. Within anisotropic Ginzburg-Landau theory®f @pplied field atr” = 300 mK. The data are plotted as B2

23], the distortion is given by t&nv = ms/m,, where versus applied field following the Anderson model of collective
[23], . 3/ pinning. The broad maximum at 11 kOe is the peak effect for
m; andms are the reduced effective masses and||c, this sample. The inset shows the schematic phase diagram for

respectively, normalized taims; = 1. The low field ex- this field orientation.

4000
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