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Anomalous magnetization behavior of single-crystalline CeRu
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Dc- and ac-magnetic measurements have been performed in the superconducting state of single-crystalline
CeRy grown by the Czochralski method in order to understand the anomalous pinning mechanism associated
with the peak effect. It is found that with increasing magnetic field the dc-magnetization hysteresis loop closes
at a relatively low magnetic field;,(T), above which it becomes reversible completely. It is also observed
that the hysteresis loop abruptly opens up agaB &) nearB,(T). Since the onset field of this anomalous
peak effect with ascending fieB, , does not match the ending field with descending figld;, this sudden
appearancddisappearangeof magnetic hysteresis at the different magnetic field is considered to be the
first-order transition. The vortex phase diagram in CeRuargued in terms of the possible pinning mecha-
nisms in this compoundS0163-18206)01622-0

[. INTRODUCTION seems that the peak effect observed in these compounds is
different from the one observed in most of the other Hhigh-
Recently, there has been a growing interest in the anomaompounds such as baSr,Cu0, ;° RBa,Cu0,_5 (123
lous peak effect observed in heavy fermion compounds suctype),’° etc. with relatively smaller anisotropy in the super-
as UPdAl; (Ref. 1) and UP4,% and in someA-15 com-  conducting phase. In the case of the 123 type, for example,
pounds such as )i (Ref. 3 and N@Sn? Although the phe- the peak effect occurs rather gradually with respect to mag-
nomena itself are known to exist in many conventionalnetic field, being in sharp contrast with the abrupt occurrence
type-ll superconducting materials, the mechanism of thef the peak effect at a certain field strength in the former
peak effect in most cases is not well understood except for sase. Therefore, the origin of the peak effect in the later case
few exceptional cases. By surveying the peak effect in difhas been thought to be different, for example, from the case
ferent materials, one common feature is found: the peak efof Bi,Sr,CaCyOg, 5 and has been considered to be the site
fect occurs only in the pure materials with extremely weakexchange disorder effect at the Ba @Rdons as well as the
pinning forces. By this reason, the peak effect is observegsfect of the oxygen nonstoichiomett.For the case of
only in very good single crystals. Since in such material_s it iSBiZSrZCaCL;zOSM, in particular, it was shown by the
expected that there is a small number of defects working agetron-diffraction study} and the recent muon-spin rotation
strong pinning centers, the remaining point defects such periment¥ that the peak effect is driven by the three-
vacancies may pla_ly an important role for the occurrence 0 imensional—two-dimensiona(3D—-2D) transition of the
the peak effgct. Itis nqted that the anomalqus peak effect 'Vortex lattice due to the dominant 2D collective-pinning in-
CeRy described here is not the exception in this sense. : .
The special interest in the heavy fermion compounds hageractlon above the crossover field of about 0.05—0.; T.
been raised from the intriguing speculation that the symme- Here, we pr_esent the re_sults of our recent experimental
udy on the single-crystalline CeRby means of dc- and

try of the superconducting order parameter in such syste o
may not be of simples-wave type, but that with higher an- ac-magnetization measurements. The abrupt appearance of

gular momentum. This speculation has naturally led to 4he peak effect in an unconventional fashion in this. system
statement that since the superconducting state must be 8ydgests that the vortex state may undergo the first-order
multiphase nature due to multiple degrees of freedom, unPhase transition &, . Such an anomalous occurrence of the
conventional pinning forces may occur due to the anomalouBeak effect and the vortex phase diagram in CeRargued
pairing mechanism. The peak effect observed in Geitsp N te_rms of the possible mechanisms of the first-order transi-
lies in this line, since this compound is known to be a va-fion in the vortex state.
lence fluctuating system with renormalized electronic state
similar to the heavy fermion compountis.

A striking similarity in the phenomenon of the peak effect Il. EXPERIMENTS
of CeRy has been found in a class of high-cuprate su-
perconductors. The typical compounds are the ones with The polycrystalline samples of CeRwere prepared by
large anisotropy in the superconducting state such aarc-melting of a stoichiometric amount of the constituent el-
Bi,Sr,CaCuyOg, 5° Tl,Ba,CaCuyOg, 5’ RBa,Cu,Og, 5 (124  ements under an argon atmosphere. The samples were then
type),® where R stands for the rare-earth elements, etc. Itset in the water-cooled cold crucible in the tetra-arc single-
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crystal growing furnace. A piece of single-crystalline CgRu 5000 — : : : :
was attached to the upper shaft as a seed crystal and the
Czochralski method was used to grow single crystals. The
growth rate was 3—5 mm/h. The size of the single crystal 6000
obtained was about 6 mm in diameter and 40 mm in length.
Experimental details of the single-crystal growth will be de-
scribed elsewher¥

The crystallinity of the single crystal was examined by the
x-ray back Laue method and by the powder-diffraction tech-
nigue. Only sharp spots assigned to the cubic Laves phase of
CeRy were observed in the back Laue picture, and no other
phases in the powdered single crystals were identified in the
x-ray powder-diffraction patterns. Moreover, the microstruc-
tural study carried out by scanning electron microscopy, en-
ergy dispersive x-ray analysis, and electron probe mi-
croanalysis(EPMA) showed a clearly good single phase
single crystal and is confirmed that the single crystal is suf- |
ficiently in high quality. -4000 ¥

The sample for the magnetization measurements was cut
from the bulk single crystal into a size of 1.1 m¢#h.0 mm

4000

2000

M (A/m)

X4.0 mm. The superconducting transition temperatlge -6000 5

was determined by dc magnetization in 0.1 mT to be 6.10 K. 0 1 2 3 4 5

The residual resistivity is also measured and was 293m B (T)

at 4.2 K. This reconfirms again that this single crystal is high

quality. FIG. 1. A set of hysteresis loops in dc magnetization of single-

The dc- and ac-magnetization measurements were pe¢fystalline CeRyat temperatures of 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0
formed by a superconducting quantum interference devicK. The magnetic field is applied to tH601] axis.
(SQUID) magnetometetQuantum Design MPMS-5Sip to . . . o
5 T applied parallel to thg001] direction. The ac magneti- " Fig. 2, only the hysteresis loops in magnetization at

zation at a fundamental frequency of 110 Hz was measure rious temperatures are shown in detail. The following
with ac fields of 0.01, 0.1, and 0.38 mT under a dc field up to charactenstlcs can be drawn from a closer look at these re-

sults:
(1) The hysteresis loop in magnetizati@the peak effegt
becomes larger in size as temperature is lowered.

5 T. Both ac- and dc-magnetic fields in this case were ap-
plied along thg001] direction of CeRy.

Ill. RESULTS AND DISCUSSIONS 5000 |

A. dc magnetization as a function of magnetic field

An example of the hysteresis loops in magnetization of 6000 |
CeRy are shown in Fig. 1 measured at various temperatures.
The magnetization curves behave as a typical conventional 4000 |

type-Il superconductors except for the additional features de-
scribed below.

Firstly, the magnetization becomes reversible at a rela- E
tively low field B;,, above the initial hysteretic region, which 2
is located just abové.;=0.03-0.035 T. As a result, the =
reversible magnetization region extends to a major part of
the mixed state. It is surprising that this reversibility of mag-
netization was also observed even in rather impure polycrys-
talline samples containing considerable amounts of foreign
phases, which is, in the conventional sense, expected to act
as strong pinning centers. Therefore, this unusual weak pin-

2000

-2000

-4000

ning behavior naturally leads to a speculation that there may -6000 |

exist an intrinsic weak pinning mechanism, which may cause . . , .

the anomalous pinning behavior in this material. 2.0 3.0 4.0 5.0
Secondly, with further increasing magnetic field, the re- B (T)

versible magnetization suddenly becomes irreversibies-

teretig at aroundB,, (which will be redefined to b&, , for FIG. 2. A set of hysteresis loops in dc magnetization of single-

ascending field aan q for descending fieldand it flnally crystalline CeRyonly in the peak effect region at temperatures of
closes neaB.,. The overview of this anomalous magnetiza- 2.5, 3.0, 3.5, 4.0, and 4.5 K. The scale in Fig. 1 is expanded. The
tion behavior(peak effect in genergpis presented in Fig. 1. magnetic field is applied to th®01] axis.
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FIG. 3. Temperature dependence of the maximum difference in
magnetizatomMAM =M*—M ~ in single crystalline CeRuat the
peak effect.

B (T)

FIG. 4. The macroscopic pinning force densky in single-

crystalline CeRglas a function of field at various temperatures. The

(2_) The onset field_ of the _peak e_ffeCtB.;, i_s very abrl_th inset shows the normalized pinning force density as a function of
and it occurs at a slightly higher fiel, , with ascending (¢quced magnetic field=B/B.,.

field than that with descending fiell, 4, as clearly seen in
Fig. 2. strongly implies that the mechanism of the peak effect in

(3) When the magnetic field is reversed in the middle ofceRy may differ from that of other peak effects in most of
the peak effect, the magnetization follows exactly the profileconventional superconductors.
of the whole hysteresis loomot shown here The experimental observation shown(8) represents evi-

(4) The closing point of magnetization in the peak effectgence that the vortex state in the peak effect region consists
Bp end does not coincide wittBg,. As is seen in Fig. 2, of the critical state with full field penetration. The experi-
Bp,enais somewhat lower thaB,, which is determined by mental observation given i@) was initially thought to be an
the resistivity measurements. additional anomalous behavior associated with the peak ef-

The results shown i) can be understood as a common fect. After more careful experimental studies in both ac- and
feature of pinning phenomena in superconductors. This iglc-magnetization measurements, however, it turned out that
simply a manifestation of the temperature dependence of thge small difference betweeBy, ¢nq and B, originates from
maximum hysteresidM =M " —M~ as shown in Fig. 3, the relaxation effect in the dc SQUID magnetization mea-
which reflects the temperature dependence of the supercosurements. Such a behavior is also seen in the data reported
ducting order parameter relevant for the pinning. From theearlier in \;Si3
magnetization data as a function of field the macroscopic It is noted that the size and the shape of the peak depend
pinning forceF, can be obtained by a formula Bf=J.XB.  rather strongly on the sample as well as the sample shape.
This is shown in Fig. 4. In the inset of Fig. 4, the normalizedThe data presented in Figs. 1 and 2 as a example, which
macroscopic pinning forcEp/Fg‘a" is plotted as a function show about 14% difference in this case, are taken from the
of normalized fieldbo=B/B,,. As is seen in Fig. 4, the nor- different samples grown by the same technique. This fact
malized pinning force does not scale into the universal curvémplies that the peak may be governed by the subtle energy
by the scaling law, which is commonly observed in the peakbalance between pinning forces due to the various imperfec-
effect in conventional superconductdrét is evident from tions inside the crystal and the surface energy barrier which
Fig. 4 that the reason for this is that the onset does not obegive rise to the inhomogeneous shape-dependent field pen-
the scaling law. etration.

The fact shown in2) implies an important evidence that ~ Furthermore, it is interesting to point out that the magne-
the occurrence of the peak effect may be the first-order trartization at the peak effect region often shows discontinuous
sition in the sense that the occurrence is very sharp and hygimps, especially at low temperatures. This phenomenon
teretic. In particular, the sharpness is in strong contrast to theeems to be experimentally reminiscent of the flux jump in
peak effect observed in other systems such as Ti addecbnventional hard superconductors, because the position, the
20% Nb alloyst* V;Si2? La,_,Sr,Cu0,_;° RBa,Cu,0;_5°  frequency, and the sizes of the jump are rather systematic
etc., where the occurrence of the peak effect is not sharp butith a fixed sweep rate of the magnetic field as well known
rather continuous as a function of magnetic field. This factn the flux jump.
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T (K) FIG. 6. The set of ac magnetic-susceptibility curves in single-
FIG. 5. The temperature dependence of the penetration depﬁ:{ystalline CeRy as a function of temperature in various magnetic
S ; fields. The amplitude and the frequency of the ac magnetic field are
N(T) in single-crystalline CeRu ) ; )
0.38 mT and 110 Hz, respectively. The inset shows the low-field

Although a considerable variation in the above-mentionedegion of the ac susceptibility in expanded scale. The arrows indi-
cate the dip at lower field region, which eventually becomes a sharp

characteristics of the peak effect with the crystal orientationb|i at higher fields as shown in the main panel
it is concluded that the intrinsic anisotropy of the peak effect P 9 panel.
is within a few percent as far as the critical fields are con-

cerned. The reversible magnetization observed in a widgarious dc fields upa 5 T with ac fields of 0.01, 0.1, and
field region shown in Fig. 1 can be analyzed as follows.0.38 mT. The results are shown in Fig. 6, where the ac field
Firstly, the magnetization in a field regidB.;<B<B,, in of 0.38 mT is used in this case. Both the real gafd and

the London model can be written as the imaginary party”) of the susceptibility are presented as
a function of temperature in a normalized manner. In zero dc
M(B)=— $o In @) 1) field, ¥’ shows a sharp superconducting transition, whereas
32m\2(T) T8 ) the transition becomes broader as the dc field is increased. In

addition, a sharp dip iy’ and a peak iy’ (not shown herg
begin to appear in magnetic fields just beldw. This fea-
) ture can be more clearly seen in the cas®efl and 2 T in
experimental data, the temperature dependence an be Fig. 6. At higher fields this sharp peak grows and becomes

;j_edgced. This rﬁsult Is shown i?(lj:ig. 5b The solid CUL"e IS &yider. More detailed behavior only for at lower fields are
itted curve to the experimental data by assuming the tem[f)resented in the inset of Fig. 6 in an expanded scale. The

perature dependence ®{T) in the two-fluid model: upper critical field,B.,(T), is in fact determined by the de-
viating point from the extrapolated normal state one by tak-

where ¢y is the quantum flux) (T) is the penetration depth,
77 is a constant close to unity. By fitting this E(L) to the

AN(T)= o _ 2) ing a set of ac susceptibility data similar to Fig. 6 beldw
V1= (TIT)* These peculiar experimental results of ac magnetization

can be interpreted by a simple model that the pinning causes
the hysteresis loss due to an oscillating ac field, which in-
Yuces macroscopic shielding current in the sample. This
shielding current]; can be estimated to bé&=3H,./4d
assuming an infinitely long plate with the thickness af. 2

From this analysis)(T=0) is obtained to be 2470 A.

Furthermore, from the change of the slope of magnetiz
tion at B;,, the Ginzburg-Landau parametes can be esti-
mated to be 24, according to the equation of M&ki:

IM IM 1 1 When the shielding curreni, becomes higher than-9
(— —<—) = 3 A/m?, which is induced byH ,.=0.38 mT in this case, this
Blg VB 47 2K—1 ac magnetization gives the full shielding signal. Therefore,

where 3=1.16. the sharp dip appearing ig’ indicat_es that the shiel_ding
current exceeded at a value determined by the amplitude of
the oscillating ac field. The disappearance of the sharp dip in
x' with decreasing temperature as seen in Fig. 6 at low tem-
In order to study the dynamical properties of the vorticesperatures means that this shielding current became smaller
in this compound, ac measurements were performed undegain than the critical value with decreasing temperature.

B. ac magnetization as a function of magnetic fields
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6 S — peak effect is observed. It is noted that the boundagy
] determined by the ac-magnetization measurements is some-
what lower than that determined by the dc SQUID measure-
ments. This is because of the different criterion used for both
—xByo measurements as explained above. In the ac-magnetization
Bdo measurement8 (ag is defined by the field indicated by the
- B,®D arrows in Fig. 6. The lack of sharpness of the transition in
— B,(dc) the ac measurementBf(ac may be caused by the shielding
current flowing inhomogeneously inside the sample due to
| weak pinning effect existing in the background. In Fig. 7, the
8 irreversibility line B;,, determined by dc-magnetization mea-
] surement is also added.
1 Although the phase boundariBg, andB,, (B, , andB, 4)
] show a considerable sample dependence according to the
‘ sample inhomogeneity, the other critical fields., and
‘t\\ %; ] Bp,eng dO not show anisotropy With_ir_t an accuracy of few
. . 8, ] percent. Assuming that the upper critical field is governed by
e, % ] the paramagnetic limitClongston limi}, a value forB,(0)
) %\Q ] can be obtained to be about 11.2 T, which is slightly above
. ] the simple extrapolated value 6f10.3 T. This indicates that
0 R — ‘ the upper critical field in CeRuis limited by the paramag-
) netic limit. From the value oB.,(0)=11.2 T, the coherence
T (K) length ¢ is estimated to be 54 A. Therefore, the Ginzburg-
Landau parametet=\/¢ is obtained to be-45.
From the phenomenological Ginzburg-Landau approach
, andB, can be expressed as

—o— Bp “(dc)
— B, (ac)

()
[98)

FIG. 7. The magnetic phase diagram of single-crystalline GeRu
obtained from the dc magnetization measurements, the ac suscepg’-?
bility, and the resistive measurements. The shaded area is the regi
where the peak effect is observed. The boundaries indicated by
Bp,u(do), By(ao), B(ag), Bin(dc), Beo(R-T), andB ¢,(dc) stand for B.—B Inks (4
the onset field of the peak effect with ascending field, the onset field el e \/§K3
of the peak effect measured at the dip position in the ac suscepti-
bility, the upper critical field measured by ac susceptibildgfined and
by the onset of the diamagnetism as a function of tempernaiine
irreversibility line, the upper critical field determined by the resis- Beo= \/EKch, ®)
tivity measurement, and the upper critical field determined by the

2
magnetization measurement, respectively. respectively. ThereforeB.,/B.;=2«“/In k=328, resulting

in values forx and B, being 23 and 0.35 T, respectively.
Here, we used values &.,=0.035T andB.;,=11.5T, and
This lack of diamagnetic shielding signal can well be as-it is assumed thak;~ 5. This « value is in good agreement
cribed as a lack of pinning force in this material, which cor-with the one obtained from Eq3), but is nearly twice
responds to the reversible magnetization. The broad featurgmaller than the one obtained in the above. The reason for
in x" indicates that the shielding current is not fully estab-this is not clear but it is certain that the value obtained from
lished in order to maintain the complete shielding, althoughhe analysis of\(T) shows rather poor agreement with Eq.

the magnetization appears to be reversible within experimen?) as shown in Fig. 5 and the(T) value itself seems to be
tal error. This discrepancy can reasonably be ascribed to the&omewhat too large.

different criterion to the critical current density between both
experimental techniques used here. This nonzero critical cur-
rent observed in reversible region in magnetization is also
proved by the direct critical current measurem®rin gen- The experimental results of the anomalous peak effect
eral, more stringent criterion can be set in ac-susceptibilitpobserved in single-crystalline CeRuvere presented and
measurements than the dc-magnetization measurements. were analyzed with the conventional theory for the type-lI|
It is worthwhile mentioning that the anomalous double superconductors. The sudden appearddisappearangeof
transition and a possibility of the unusual superconductivitythe peak effect aB, and the difference oB, , and B 4
such as the one with the triplet pairing speculatedstrongly suggest that the transition may be a flrst order tran-
previously!’ can well be understood by the above-mentionedsition.
mechanism caused by the anomalous pinning effect in In the conventional understanding of the peak effect, it is
CeRy. However, although the possible scenario of uncon+ather difficult to explain such a sharp feature similar to the
ventional superconductivity to explain the anomalous pealfirst-order transition. Possibilities such as the secondary
effect cannot completely be excluded, we believe that thghase inclusions with weak superconductivity identified of-
mechanism of the peak effect is an extrinsic effect to superten in alloy$* and claimed inR(=La,Nd,SmBa,Cu,0,,8
conductivity in case of CeRu and the matching effect in some specially arranged correlated
In Fig. 7, the phase diagram deduced by the present expinning centerS are definitely excluded, because the
periments is plotted. The shaded area is the region where tteamples showing anomalous peak effect including in this

IV. CONCLUDING REMARKS
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experiment are in very pure form, mostly in high-quality role for the occurrence of the peak effect. For the heavy
single crystals having neither strong pinning nor correlatedermion compounds such as UfAd; and UNRAI 5, it is true
pinning centers. that the susceptibility is largely enhanced: for example, it is
In 1969, Pippartf proposed a simple mechanism which about 1.3%1073 (SI) for UPd,Al; at low temperature&!?°
may be relevant for explaining the peak effect observed irContrary to this, the susceptibility of CeRis not largely
Nb.?! The essence of his theory is that the rigidity of theenhanced, but is only 2:610™# (SI), which is in good agree-
flux-line lattice obeys the quadratic forfCesxB.,(1—b)?] ment with the previous repoffsand is also in a comparable
and falls to zero as a function of magnetic field n&as, order with the superconducting transition metals such as V
whereas the individual pinning force decrease linearly with(=3.6x10™* in Sl uni)y, Nb (=2.36x10%, Ta
magnetic field f,>b(1—b)]. Therefore, it is expected that (=1.6X 1074, etc. Therefore, these experimental facts cer-
the crossover of the free energy takes place BgarMore-  tainly pose a question about whether the enhanced paramag-
over, it was shown that the peak valueJinmay be strength- netism is playing an essential role for the occurrence of the
ened by more than an order of magnitude. According to higpeak effect presented here. On the other hand, it is favorable
model, such a transition can, in principle, be very sharp, ato the weakening of the pinning energy due to the fact that
sharp as the phase transition. To our knowledge of the peake enhanced paramagnetism reduces the elemental pinning
effect so far studied experimentally in the past, on the conenergy, E e super mE%(B,/87)~4.5x1071%  J/m by
trary to this theoretical prediction, none of them has such & e paramagnetist & Xspirh /2~ 1.3X 10”2 J/m, wherexgpin

sharp feature except the present CeRuis still not well  is the Pauli paramagnetic susceptibility, amds the mag-
understood why only CeRushows such a sharp transition netic field inside the vortex core. This effect is abguif the
and it certainly remains as an unsolved question. total core energy of the vortex in CeRand could certainly

According to Larkin and Ovchinniko?, it is expected be a major reason to realize the anomalously weak pinning
within the collective-pinning theory that there may exist soft-phenomenon ifB.; <B<B in CeRy. In the same token, it
ening of the shear modulusggdue to the renormalization is not clear whether or not the occurrence of the speculated
effect, leading to the enhancement of the critical currentsuperconducting phase proposed by Fulde-Féfraind
This phenomenon was actually confirmed by Kes andOvchinnikov-Larkin?® which predict the first-order transi-
Tsuef? in the amorphous thin films of Nbe and NESi. In  tion in some cases, is a real cause of the peak effect, although
these cases, however, the material has an amorphous fornconnection between them has been arg&é¥dMore sys-
and has extremely weak pinning forces with high densitytematic study of the peak effect, in particular, by means of
Although the physical conditions in the amorphous materialglirect and microscopic techniques, is needed in order to re-
and the single-crystalline CeRare completely different, it veal such an intriguing pinning phenomenon which seems to
is intriguing to compare the similarity in both cases from theaccompany the first-order transition in the vortex state.
point of view of weak pinning behavior. Nevertheless, it is
again difficult to explain the sharp feature observed in the
present experiment within this view.

The unusual enhancement of the pinning force in this sys- The authors would like to thank Professor M. Tachiki and
tem has been thought to be related to the extremely smaliis collaborators, and Professor F. Steglich and his collabo-
pinning force in the reversible region. From the similar phe-rators for their stimulating suggestions and discussions. This
nomenon observed in the heavy fermion compounds such agork is supported by the Interdisciplinary Basic Research
UPdAIl;,! UPt,? etc., a speculation has been made that thé®rogram(Shosai Kisokenkyuunder the Science and Tech-
large enhanced paramagnetic susceptibility may play a kegology Agency, Japan.
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