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Equilibrium magnetization., of the superconducting mixed state of YRias been measured as
a function of field. At low temperatures, the discontinuity é¥.,/dH at the upper critical field
H., exhibits marked anisotropy between the two principal directions of the hexagonal crystal, being
indiscernibly small ford 1 ¢, where the normal state paramagnetic susceptibility is largest. The
results are not simply explained by the effective mass anisotropy nor by the ordinary paramagnetic
effect of a spin-singlet pairing; they are rather in favor of an odd-parity pairing with an appreciable
anisotropy in the pair-spin correlation. [S0031-9007(96)01311-7]

PACS numbers: 74.25.Dw, 74.60.Ec, 74.70.Tx

Superconductivity in heavy electron systems has beeagally limitedat low T [5]. It is thus highly worthwhile to
attracting much interest because experiments suggest thaspect the bulk magnetization of UptearH,.,. In this
the pairings are mostly of an unconventional type. Amond_etter, we have examine.,(H) of UPt; by means of
heavy fermion superconductors known to date, UJiBt high-resolution dc magnetizatioM (H)] measurements
a unigue compound where a realization of unconvenen high-quality single crystals, focusing on the magnetic
tional order parameters is evident from its complex field-response of the high field stat€ phase).
temperature(H-T) phase diagram with three different Two single crystals of URt sample 3-S and sample 4,
vortex statesA, B, andC phases) [1]. In addition, a pos- were grown by the Czochralski pulling method in a tetra-
sibility of an odd-parity pairing is inferred from some ex- arc furnace [12]. A clear double superconducting transi-
perimental facts such as (i) the absence of a change in thisn was observed in a specific heat measurement. The
NMR Knight shift belowT, [2,3] and (ii) crossover in the upper critical temperatur&,. was 523 mK (sample 3-S)
anisotropy ratiad iz/chlz [4,5]. Several theoretical mod- and 510 mK (sample 4). The resistivity ra@g300 K)/
els have been proposed so far to explain the supercondup{T), extrapolated td" = 0 from aboveT,, was in ex-
tivity of UPt5 [5—8], though no consensus has yet beercess of 500 for both samples, indicating the excellent
reached on the pairing symmetry. quality of the crystals. The crystals were shape.fox

In further elucidating the pairing in UBLtit is of inter- 2.5 X 3 mm? (sample 3-S) and X 1 X 3 mn? (sample
est to examine the equilibrium magnetizatidfy, in the  4), with the longest axes oriented to theaxis. M(H)
superconducting mixed state. In general, there is a contreurves at temperatures ranging from 50 mK to ab®yve
bution toM., from a paramagnetic polarization of the sys-were obtained by a Faraday force magnetometer installed
tem, in addition to the diamagnetic orbital currents aroundn a dilution refrigerator [13], in a field gradient of 500—
the vortices. As is well known, the normal state paramag800 O¢'cm. By use of a high-sensitivity capacitive force-
netic susceptibilityy,, of UPt; is large and anisotropic [9], sensing device, the overall displacement of the sample was
with the easy direction beinff L ¢. Since a substantial limited to less tharl wm; there was virtuallyno fluctua-
part of y, comes from the pseudospin Pauli paramagnetion in the magnetic field experienced by the sample. This
tism [2,3,10], the behavior a¥/., nearH., may depend point is very important in measuring true hysteretic mag-
strongly on the pairing symmetry. In the case of an evennetization of the vortex states. Each measurement was car-
parity pairing, for example, the spin polarization should beried out after zero-field cooling the sample from abdye
suppressed below ., for all directions [11]. This would to the desired temperatures. Considering the flux line re-
lead to a sizable discontinuity utM.,/dH at H.,, espe- laxation, the sweep rate bfwas fixed constant (5 Jsec)
cially for H L c. Ifthis anomaly, the paramagnetic effect, throughout the measurements.
is absent, it would then be a strong implication of the odd- Figure 1 shows thé&/(H) curves of sample 4, measured
parity states. at 50 mK. The lower critical field?.; (~10 Oe) was not

This approach is indeed complementary to the NMRwell resolved in this experiment. The strong irreversibility
Knight shift experiment. It should be noticed, however,appearing at low field is due to the ordinary flux pinning
that the above NMR results (i) might not be fully compat-effect. The hysteresis rapidly decreasesHamcreases,
ible with the interpretation of the anisotropy crossover inand M(H) becomes almost reversible & ~ 17 kOe.
H_., and (ii); the latter assumelgﬂ2 to be paramagneti-  Similar M (H) curves were obtained for sample 3-S, except
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FIG. 2. H-T phase diagram of URtfor sample 3-S (solid
symbols) and sample 4 (open symbols). The phase boundaries
indicated by dotted lines are not observed in the present
measurements. The onset field of the peak efféttis also
plotted as a reference.

The behavior of¢., becomes more clear by plotting
N S T S S the magnetization differencer? = M.q — M, in an en-

0 5 10 15 20 25 30 larged scale in Figs. 3(a) and 3(b), where the results for
higher temperature are also shown for comparison. The
H (kOe) small humps or dips seen in the curves for 50 mK near

FIG. 1. Magnetization curves of the single crystal of ypPt Hc2 are probably due to the peak effect; the averaging pro-
(sample 4) at 50 mK. The thin solid lines are the equilibriumcedure might not work well due to a nonlinear distribution
magnetization obtained by averaging the hystere&isdenotes  of the vortex lines [15]. It is rather natural to assume a
the onset field of the peak effect. smooth variation oMY, as indicated by dot-dashed lines.
We first note the feature ngq that is associated with

for a magnitude of the hysteresis that linearly depend&e B-C transition. Since this transition is of second or-

on the sample dimension and was therefore larger igler, we may expect a discontinuity i/ /dH which

sample 3-S. The linear magnetization abd¥g is due can be estimated from the specific heat measurements [16]

to the normal state paramagnetism, from which we obtait® be A(dMg,/dH) ~ 5 X 1077 emy/g. We could as-

xI'=58x107% emygandy,” = 1.1 X 107 emy/g. ~ certain a discontinuity of this order at loW as shown in

In both samples and for both field directions, we observedig. 3(c). The critical fielddzc thus obtained is also in-

that the irreversibility inVf (H) increases again in a narrow dicated in Fig. 2. The anomaly i, at Hpc was, how-

region just belowH., [14]. This is a so-called “peak ever, smeared with increasing temperature, and could not

effect,” occasionally observed in type-Il superconductorde traced up to the tetracritical point. We also note that

[15]. Hereafter, we defind,, as the field above which the no appreciable change was observestf}) across thé\-B

irreversibility vanishes completely. We show the resultingtransition.

H,» vs T plots in Fig. 2, which are in good agreement with ~ The salient feature aff3, atT =50 mK is the marked

those previously obtained by other experimental methodgnisotropy nearH.,. There is an order of magnitude

[1,4]. The onset field of the peak effelit is also shown difference in the slopes oy, ,) nearH.,. Moreover,

in the figure. the curvature oﬂMQqI in the C phase(Hpc < H < H,»)
When the magnetization hysteresis is small, the equidistinctly changes with the field direction; downward

librium magnetizationM., of the vortex state can be (upward) forH [ ¢ (H Lc). In generaI,Mgq near H.,

well approximated by the average of the increasing- andgan be expressed in terms of a Ginzburg-Landau param-

decreasing-field data [15]. The results Mg, are shown eter x; as ng =(H — Hp,) /4w B (2«3 — 1) [11], where

in Fig. 1 by thin solid lines. Also shown by the dot- 8 is a number of order unity that depends on the vortex

ted lines are the extrapolated normal state magnetizatidattice configuration. From the results in Fig. 3, we obtain

ML) = UL g - Evidently, the paramagnetic contribu- highly anisotropic values ok, at T = 50 mK, x; ~ 140,

tion to Meq is quite large for both directions. Note that and«! ~ 40; i.e., k3 /x! ~3.5. Here, thex, values were

the difference betwee, andM, is surprisingly small  determined from the average slopeidf, betweer#* and

nearH,,, WhereasMyq shows a small but distinct devia- H.,. Thus, the actual value of;- could be even larger,

tion from M,U belowH,,. due to the upward curvature ngi. In a conventional
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0012 g - . : . curvature oﬂMSqHI with a sharp change of the slopefgt,
oo B @ ] is the typical behavior of the ordinary paramagnetic effect
EE".. H Hlc ] [20]; suppression of the spin polarization due to pairing
R o enhance§V{, | belowH.,. This strongly suggests that the
g 0.006 | . 20 ::: spin susceptibility forH || ¢ is somewhat reduced in the
e 000 b C phase of UP4 Note that these features M, become
5 . ] weaker with increasing temperature, as expected [11].
0.002 F . It should be noticed that the anisotropyl!id‘;f}q changes
0 W_ at Iqw fieldoas can be seen for theocurves at 50 mK
o012 A w, ] in Fig. 3; Meq becomes' larger _thaMeq” _beIowH ~
: M 6 kOe. This crossover is consistent with the thermo-
001 f Hic 19 dynamic constraine2/87 = — [ Mgy 1..)dH, where
0.008 y ] H. is the direction independerthermodynamic critical
@ Co field. Extrapolatinglflgquw to lower fields, we can obtain
5 "R, T H.(T ~ 0) = 260 Oe for both curves, in agreement with
- oons S oy, 223 the value that can be estimated from the specific heat data
" oo % Ho + SomK | [21]. These facts confirm that the observed anisotropy in
. S 300 mK ng is indeed closely related to that Bf,. Itis very im-
° M v portant to point out that the paramagnetic eneyg¥f>, /2
-0.002 ; 0 v PP " significantly exceeds the condensation eneligy 87 by

- dM, O/dH ( x 1076 emu/g)

H (kOe)

8 10 12 14

a factor of~10 (||c) and~25 (L c); the paramagnetic po-
larization in the vortex state is essentially large for both
directions.

Temperature variation of, evaluated fromMgq is sum-
marized in Fig. 4, which further confirms the existence of
the anisotropic paramagnetic effect. The anisotropy ratio

of x, at ~450 mK decreases t@;/d =~ (.8, approach-
ing the value~0.6 expected from the mass anisotropy. Re-
markably,«3 (T) continues tancreaseon cooling, without
an indication of saturation. This is actually the behavior
that is predicted for a clean supercondudiothe absence
of the paramagnetic effect [22], where « /IN(T./T)
asT — 0 as shown by the dotted line. In contras
continues todecreaseon cooling; the typical behavior in

FIG. 3. Field variation of the magnetization differenﬂ‘d?gLl
in the superconducting mixed state of YRsample 4) for
(@ H L ¢ and (b)H || ¢, and the differential susceptibility 200 ~———T T T T T
around Hgc at 50 mK (c). The dot-dashed lines in (a) and

(b) indicate the expected smooth variationM)jLl in the region

of the peak effect betweeH™ and H.,. The inset shows the 150
relative change in the susceptibility féf || ¢ nearH..,.

superconductol, could be direction dependent reflecting £
the effective mass anisotropy, which can be estimated by
K3 /K) =~ (Hs/HY)r - [17]. For UP, this results in a s L
much smaller value KZL/KQ ~ 0.6 [4]. Evidently, [
effective-mass anisotropy (anisotropic orbital current)

is not the origin of the low-temperature anisotropy in ol v vy
MY, [18]. 0 100 200 300 400 500

The upward curvature ofMeOq 1| with a vanishingly T (mK)

small change of the slope &, is specific to a clean - .

. - FIG. 4. Temperature variation of the Ginzburg-Landau pa-
Supercon_du_ctom_ the absence dhe paramagnetlc_effe_ct rameterx,. The dotted line is the theoretical prediction for
_[19]- Th's_ |mpllgs tgat the orbital current contribution 3 clean superconductor without paramagnetic effect. The solid
is predominant inM.q,. By contrast, the downward lines through the data points are guide to the eye.

3195



VOLUME 77, NUMBER 15 PHYSICAL REVIEW LETTERS 7 @TOBER 1996

the presence of the paramagnetic effect [11] where thMSq” near H., consist mostly of the spin susceptibility

pair breaking by the Zeeman energy becomes important @hangeA y!I due to pairing, which can be estimated as
low temperatures. As a result, there is a crossover in thg Il /5 I ~ ng||/X,|1|H- The result is plotted in the inset

; ; I : O .
anlsotropy rathKzl/K.z at aboutT "’ 07Tc Except for of F|g 3(b)’ which |nd|cate$/\/y in the C phase to be’
this crossover, the sign reversaldix,/dT between two gt most, a few percent ofl. This amount of change
directions is in agreement with the results inferred frommight not be detected in the Knight shift measurements
the recent specific heat measurements [16]. [2,3] within the resolution of the experiment.

The anisotropic paramagnetic effect itself is not unusual. One of the authors (T. S.) would like to express thanks
For instance, in ErRiB4, where ferromagnetic interactions g Y. Kitaoka, K. Ueda, K. Machida, T. Kita, and F.J.
between Er ions compete with the superconductivity ofohkawa for useful discussions. This work was supported
conduction electrons, a strong paramagnetic effect is olyy Priority-Areas Grants from the Ministry of Education,

served in the magnetization for the spin-easy &fid| a),  Science and Culture of Japan.
while the effect is weak for the hard axi# || ¢) [20]. The

crucial point in UP% is that the paramagnetic ef‘l‘ectlhtigq

is apparently absent for the directiol L c), where the 1] 5. Adenwallaet al., Phys. Rev. Lett65, 2298 (1990).
normal state paramagnetic susceptibility is largegthis [2] Y. Kohori et al.,J. Phys. Soc. Jprs6, 2263 (1987).

is the opposite of what is normally expected for a clean [3] H. Tou et al., Phys. Rev. Lett77, 1374 (1996).
spin-singlet superconductor. It is important to note that [4] B. Shivaramet al., Phys. Rev. Lett57, 1259 (1986).

the spin-orbit scattering mechanism is not relevant in this[5] C.H. Choi and J.A. Sauls, Phys. Rev. Le@6, 484
case. In the presence of strong spin-orbit scattering, spin _ (1991); J. A. Sauls, Adv. Phyd3, 113 (1994).
paramagnetism might be recovered in the singlet pairing[€] ’:igg"f;‘:h'da and M. Ozaki, Phys. Rev. Let66, 3293
states [23]. This mechanism, however, would be essen- :

tially iS([)tr(}pic and therefore does not explain the slight but [7] D.C. Chen and A. Garg, Phys. Rev. Lét0, 1689 (1993).

: , [8] R. Heid et al., Phys. Rev. Lett74, 2571 (1995).
appreciable paramagnetic effect #dr|| ¢. It should also [9] A. de Visseret al., Physica (Amsterdan478, 81 (1987).

be noticed that the present sgmples are in _the clean Iimif‘lO] N.R. Bernhoeft and G.G. Lonzarich, J. Phys. Condens.
the mean free path of the carriers can be estimated fromthe * \agter 7, 7325 (1995).

residual resistivitypo) =~ 0.2 w€2 cm) to be over 2000 A, [11] D. Saint-James, G. Sarma, and E.J. Thomagpe
much longer than the coherence lengh~ 120 A ex- Il Superconductivity (Pergamon Press, Oxford, 1969),
pected from thed,, values. Chaps. 5,6.

Let us now turn to the implication of the unusual [12] N. Kimuraet al.,J. Phys. Soc. Jpi64, 3881 (1995).
anisotropic paramagnetic effect. The probable scenarid3] T. Sakakibarat al., Jpn. J. Appl. Phys33, 5067 (1994).
that emerges is the odd-parity pairing with anisotropic pair{14] K. Tenyaet al.,J. Phys. Soc. Jpi&4, 1063 (1995).
spin orientation. The apparent lack of the paramagnetift®] M- Ishinoetal.,, Phys. Rev. B38, 4457 (1988).
effect in the basal plane would imply an equal-spin pairin i?} g' F%'i”zsml';%zftsllq'ghé;ﬁ%e\hlﬁné‘g 6152518 (1995).
?ﬁézltsaﬁ)l:]ec?r(]):;, d\i,\rlgstriiﬁswruel dar?q%fﬁlg]kg?tﬁ:ra;‘?‘gr}ﬁ“ 8] Thermal conductiv!ty also indicates the anisotropy in the

. . g : k - p ; p C phase [K. Behniaet al., J. Magn. Magn. Mater108
orientation is somewhat confined in tbhglane, implying 133 (1992)].

a non-negligible spin-orbit coupling in the pairing channel[19] D.K. Finnemoreet al., Phys. Rev149, 231 (1966).

[5]. This scenario relies largely on the results of the recenf20] G.W. Crabtreeet al., Phys. Rev. Lett49, 1342 (1982);
NMR Knight shift experiment on single crystals [3] which F. Behrooziet al., Phys. Rev. B27, 6849 (1983).

reports the spin susceptibility to be largest fir L ¢  [21] K. Amaya (private communication).

[24]. Our results are consistent with theirs, except for thd22] G. Eilenberger, Phys. Re®53 584 (1967); K. Maki and
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the Knight shift fortwo principal directions. We stress, [23] N-R. Werthameet al., Phys. Rev147, 295 (1966). .
however, that the expected pair-spin anisotropy is not ver{?#l The present experiment alone cannot discard the possi-
strong. To show this somewhat quantitatively, we note bility of an even-parity pairing with highly anisotropic

. o 0 normal-statespin susceptibility; the case whep?! is al-
that the orbital current contribution #d.,; would be small most purely of Van Vleck origin [K. Park and R. Joynt

for ~0.8H., = H =< H,,, as expected fronMQq .. Then Phys. Rev. Lett74, 4734 (1995)].
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