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We have measured magnetizations of the ferromagnet, Whéh shows superconductivity in a narrow
external pressure range;<P=<P,, in the ferromagnetic state. Whénis close toP, in the superconducting
phase, the ac magnetic susceptibility indicates a peak-anomaly associated with the ferromagnetic transition and
an imperfect superconducting shielding effect. Rdncreases away fron®,, the peak anomaly becomes
substantially broad and obscure, while the diamagnetic susceptibility approaches a perfect superconducting
shielding. We have also observed that a saturation magnetization at low temperature shows a steep decrease
with increasingP in the superconducting state. From these observations, we suggest that the superconductivity
coexists in a competitive way with the ferromagnetismPascreases, a volume fraction of the superconduct-
ing state grows over the system, while the ferromagnetic ordering possibly becomes spatially inhomogeneous.
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Recently Saxenaet al. discovered superconductivity in nal field. Thus, it is quite surprising that the FM with a local
UGe, which emerges under high pressures between about Iioment of the order of f&g/U coexists with the SC in
and 16 kbaf.UGe, is a ferromagnet with the Curie tempera- UGe,.
ture Teyrie Of about 53 K at ambient pressure. When an ex- This interesting feature of UGeraises a question con-
ternal pressur® is applied,T e Shows monotonic decrease cerning to the nature of the coexistence of FM and SC; are
with increasing pressure and seems to vanish at around 1®th of them homogeneous in the real space? To resolve this
kbar, therefore the superconductivity appears only in the ferduestion we have made magnetization measurements in
romagnetic phase. terms of ac and dc methods under external pressures.

In the 1970s coexistence of superconductii8C) and A polycry_stalllne material was first p.repared by melt|_ng
ferromagnetism(FM) was studied in rare earth compounds st0|c'h|ometr.|c amounts_of natural uranium and germanium
such as rare-earth rhodium borideis: the case of ErRfB,, of high purity. Then single crystals were grown by the

for example, the system sets in superconducting phase ochralski pulling method usi_ng a tetra-arc f“Fr_‘ace in a
Tec~8.7 K, and localized magnetic moments start to alignpure argon atmosphere. We did not make additional heat

. .. Y treatment. We characterized the grown single crystals using
ferromagnetically afTcuie~1.2 K. The superconductivity the X-ray, ac magnetic susceptibility, and electrical resistiv-

i which th . ith th FMVYty measurements. As some U-Ge binary compounds show
temperature range in which the SC coexists with the FM¢eqmagnetisnt® the ac magnetic susceptibility measure-

Tho_rough .investigation for this compound revealed that theant is a good tool for detecting such ferromagnetic impu-
FMis carried by 4 electrons of Er atoms and the SC bt 4 ity phases. Combined results of the X-ray and ac magnetic
electrons of Rh atoms, which implies that SC and FM aresysceptibility measurements showed no trace of secondary
separated in the real space. In the present case oh,UGehases. The electrical resistivity measurements of the ingots
however, both of the long-ranged ordered states are argued fisdicated that a residual resistivity ratio is about 290 and 270
be carried by % electrons of uranium atonds although it  for samples named No. 2 and No. 3, respectiviycurrent
seems to us that there is no direct indication that tfie 5 in the measurements flowed along a grown axis of the ihgot.
electrons carry superconducting currents. The dc magnetization measurements were carried out us-
Other systems are known in which it is commonly ac-ing a laboratory-made vibrating sample magnetometer
cepted that both antiferromagnetism and superconductivityyySM) with a frequency of 0.5 Hz. The ac magnetic suscep-
are carried by b electrons; UPgAl; is a typical example, in tibility was measured in terms of a conventional Hartshorn
which magnetic excitons originating from a localized com-bridge circuit in a frequency range between 4 and 100 Hz. A
ponent of § electrons mediate superconducting pairing in-peak-to-peak amplitude of a modulation field was ranged
teraction between quasiparticles coming from an itineranfrom ~0.06 to~12 Oe. The sample was immersed in liquid
part of 5f electrons’ In UPd,Al;, magnetic moments are 3He and cooled down to about 0.35 K. The pressure was
ferromagnetically aligned on a hexagonal basal-plane, whiclgenerated by means of a copper-berylliy@uBe clamp-
is stacked antiferromagnetically along-axis with a propa- type cylinder. We used a piston made of CuBe and tungsten
gation wave vectoQy,=(0,0,1/2). Since a period of the al- carbide (WC) for the measurements of No. 2 and No. 3,
ternative stacking of @8 A is much smaller than a super- respectively. In the case that the WC piston was used, we
conducting coherence length of the order of 100 A, internafound a broad anomaly in the ac magnetic susceptibility at
fields (due to the antiferromagnetic orderjnghich super- around 42 K, which was unambiguously ascribed to a con-
conducting Cooper paired electrons may observe, are proltribution from the piston. Pressure transmitting medium was
ably cancelled out. However, in ferromagnetism we expect 1:1 mixture of Fluorinert FC70 and FC77. We usually mea-
that superconducting electrons detect a non-vanishing intesure a superconducting transition temperature of indium to
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FIG. 1. Temperature dependence of dc magnetizafl¢i) un- §e) ; +
der external pressures for the sample No. 3. The inset shows th; Y I
temperature dependence of the real part of ac magnetic susceptibi 4r +, I 7]
ity, xad T), under external pressures. Note that a peak anomaly in - - f— - + 7 1
xad T) at a Curie temperaturéce iS substantially damped at a 3 | o O .
pressure as large as 13.1 khbdr(T) displays an inflection af e O-=-=-=-=-=-=--=--
(marked by an arroyvand a tail above it, because measurements PR T T T T T T T
were done by applying an external field of 2 k(parallel to thea 0 2 4 6 8 10 12 14
axig). We also note thaM (T) shows an upturn behavior at around P (kbar)

a characteristic temperature in an intermediate pressure range bc

tween about 10.4 and 12.5 kbesee text in detajl FIG. 2. (a) Pressure dependence of saturation magnetization at

determine a pressure at low temperatures, but it did not worlew temperature 1 K), Mg, for the sample No. 3(b) Pressure
well in the present case, because a small magnetic field origflependence of a full width of a half maximum of the pealyig(T)
nating from the ferromagnetic sample affected the transitior®t Tcurie for the samples No. 2 and No. 3. Broken lines are guides to
temperature of indium which was set close to the sampléhe eyes. A dotted line denotes the equatidg(P)
inside a cell made of Teflon. Therefore, we estimated the=[Tcuid P)/ Tcui0)]**M(0), predicted from the SCR theory
pressure by comparing a measumgg,. of the sample with (see text All of these quantities exhibit a slight and gradual change
a curve ofT e VS P reported by Huxleyet al3 in the normal state, while they show a steep variation in the super-

Figure 1 shows the temperature dependence of dc magngenducting phase that was denoted by a shaded regamce the
tization, M(T), of No. 3 under external pressures. We alsolowest temperature accessible in the present measurements,
give in the inset the temperature dependence of the real part0-35 K, is notlow enough to exactly determine a phase boundary
of ac magnetic susceptibility,{T), of the same sample at between the normal and s_uperconductlng _phe_lses, we showgd the
several pressureg,dT) indicates a peak at the ferromag- phase boundary by gradgt@ﬁ?hese results |nd|cate_a_ correlation
netic Curie temperatur@c,e, as is usual and consistent between the ferromagnetism and the superconductivity.
with the results in the literaturelt should be noted that the , ) o
peak is substantially damped at a pressure as large as 13.11t was pointed out by Oomet al. that a derivative of
kbar. We foundM (T) to show a tail abovel e Which is electrical resistivity vs temperature curves shows an a_nomaly
marked by an arrow. This is because the measurements of @ @ characteristic temperature denotedTdy’ Comparing
magnetization were made by applying a finite external magthe reported data with our results, we found that these two
netic field. characteristic temperaturés and T,, coincide with each

At ambient pressure, no apparent anomaly is visible in th@ther. According to theoretical investigations by Watanabe
M(T) curve, but the application of the external pressure in-and Miyake® these anomalous behaviors can be explained by
duces an upturn at around a characteristic temperdiyre fluctuations of charge density waves, but it seems possible
When we defineTy, as a temperature at which thé(T) that the anomalies may be ascribed to other effects such as
curve shows an inflection, we obtaii, as~14 K at 10.4 magnetic domain effectsEurther detailed study is needed to
kbar. WhenP increases to 11.8 kbar, the upturn behaviorreveal an origin of the anomaly.

becomes prominent with a lower,, of ~7.5 K. Further Measurements oM (T) at external pressures give tire
application of the pressure mak&g to decrease and finally dependence of a saturation magnetization at low temperature
vanish at around 13 kbar. (~1 K), Mg, the results being given in Fig.(&. (The
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measurements of the dc magnetization were made by apply
ing the external field of 2 kOe, but we found from the mag-
netization process measurements that the strength of the fiel
is small enough to estimatd 5 extrapolated to zero external
magnetic field. Huxley et al. performed elastic neutron scat-
tering experiments under high pressures to extPadepen-
dence ofMg. They argued a possible relationship between ~
the Curie temperature and the saturation magnetization; thig
standard self-consistent-renormalizati@®CR theory pre-
dicts the relation off ¢ i M s>22 which leads to the equa-
tion of Mg(P)=[Tcui P)/Tcui 0)]*°Ms(0).  Here,
Mg(P) and T¢i(P) are the saturation magnetization and
the Curie temperature &, respectively, and the equation is
indicated by a dotted line in Fig.(@. The data point at 13 -1 : : : :
kbar lies on the line, but other data points strikingly deviate ' ' '
from the line. Instead of such a smooth variation, it is likely
that Mg(P) changes it dependence between the normal
and superconducting statdgtg indicates a slight decrease
initially with increasingP, and when the system enters the
superconducting phase illustrated by a shaded region, it ex
hibits a steep decreag@he lowest temperature accessible in
the present measurements0.35 K, is not low enough to
exactly determine a phase boundary between the normal an
superconducting phases. This is why the phase boundary ig
illustrated by gradatiom.This result strongly suggests that =
the ferromagnetism is affected by the onset of superconduc%< )
tivity.

As pointed out abovésee the inset to Fig.)lthe peak at
Tcuie IN xad T) of No. 3 becomes broad and weak at high
pressures. This feature is more quantitatively seen in Fig.
2(b), in which a full width of a half maximum of the peak is T(K)
plotted as a function of pressure; the peak width increases at
a very rapid rate in the SC phase. We note Héoe No. 3
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FIG. 3. (a) Temperature dependence gf{T) around T¢yie

that the width at 13.1 kbar is about 50% greater than that a(tupper partand aroundrsc (lowen for the sample No. 3b) Tem-
é)ﬁrature dependence of,{T) around Tcie (Uupper pant and

12.5 kbar. Such a large increase cannot be explained by aroundT g¢ (lower) for the sample No. 2. These measurements were

'nhomoqe?eous fpreSSUI‘e d'Str'bUt:(on over tlhe Samplle(; b(:é'arried out by applying an ac magnetic field-eD.3 Oe(peak-to-
cause a slope ofkyie/dP at 13.1 kbar is only several % peak valug modulated with a frequency of 100 Hz parallel to the
larger than that at 12.5 kbar(4.8 K/kbar). This is also the  5is  and were made in decreasing temperature. Note that the

case for No. 2, as may be seen in Figb)2 Therefore, the  anomaly due to the ferromagnetic ordering becomes substantially
broadening of the anomaly at high pressures is of intrinsiGiamped with increasing pressure, while the superconducting shield-

origin, suggesting that the FM possibly becomes inhomogemng effect becomes rather sharp with a larger saturation value.
neous with increasin@ in the SC state.

We plot x,{T) at aroundT g as well as around ¢ for  feature is also observed in No. 2, as seen in Hig):3Vhen
No. 3 and No. 2 in Fig. @& and(b), respectively. A value of P increases to 11.8 kbaF,s.;feaches a maximum value of
—1 in the vertical axis corresponds to a perf¢t00% 0.9 K, but the diamagnetic susceptibility-is0.6 even at 0.4
shielding effect. However, since it was not possible to deterK. WhenP=12.1 kbar,T,,siS not changed very much, but
mine a demagnetizing factor for the sample because of itthe diamagnetic susceptibility increases upt0.9 at 0.4 K.
irregular shape, the absolute value of the magnetic suscepikt 12.6 kbar,T,s;decreases, while a saturated value of the
bility is considered to be a rough measure of the shieldingliamagnetic susceptibility at 0.4 K slightly increases. These
effect. results strongly suggest that the superconductivity does not

First we consider the SC transition shown in Figel3see  develop over a volume of the sample at pressures near the
lower pary. WhenP reaches 11.8 kbar, a SC onset temperajower critical pressurd®; (~10 kbar), and that the super-
ture Tonset €XCeEds 0.7 K, as manifested by a diamagneticonducting volume fraction grows with increasiRg
susceptibility belowT ... It is to be noted that the diamag- Let us then consider the correlation between the SC and
netic susceptibility seems to saturate at a value as small a&M behaviors. The peak-anomaly due to the FM of No. 3 has
—0.5 at around 0.4 K, which implies that a volume fraction a rather small width at 11.8 kbésee Fig. 2b)], at which the
of the SC state is less than 50%. Wherincreases to 12.5 SC shielding effect is imperfe¢see Fig. 83)]. At 12.5 kbar,
kbar, TonsetiS likely decreased, but interestingly the diamag-the width increases by about 50%, leading to the remarkable
netic susceptibility increases t00.9 around 0.4 K. Asimilar  supression of the peak, while the SC shielding effect substan-
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tially increases. The sample No. 2 shows similar features; In conclusion, we suggest that the FM competes with the
above about 12 kbar, the peakTai, i becomes fairly broad, SC in UGg, which may have the following implication: In
while the SC shielding effect at low temperatures increasegormal state the ferromagnetic ordering is homogeneous
with P. These results clearly show the correlation betweerPVer the system. Whe exceeds the lower critical pressure,
the magnitude of the shielding effect and the width of the® '®9!on of the S.C state appears in a samplePA@reases,
peak due to the FM ordering ig.(T). the volume fraction of the SC state grows, while the FM

Wi . findi foll RS . becomes spatially inhomogeneous as if the long-ranged or-
€ summarize€ our indings as 10lows. ASINCIEASes N yaraq nature of FM is reduced. At present we do not talk

normal stateMs decreases gradually, and the peak anomalyapoyt the homogeneity of superconductivity; let us assume
in xadT) at Tcyre Shows only the slight increase in width. that microscopic superconducting texture is formed and su-
WhenP increases furthermore to enter the superconductingerconducting domains are linked to each other via weak
state, thes® dependences are accelerated very much, in pasuperconducting or normal domain boundaries, and then the
ticular, the peak iny,{T) associated with the ferromagnetic ac magnetic susceptibility measurements will give a nearly
transition is remarkably obscured at high pressures at whicperfect shielding effect, as if the superconductivity would be
we observe the nearly perfect shielding effect. These resulfdomogeneous over the sample. It is still an open question if
imply that some part of a sample remains to be in normalhe SC and FM states coexist at the same part of a sample or

state whenP is close to the lower boundary between thedre separated in the real space; it may be possible to suggest

normal and superconducting phases. This is consistent wit\%1e possibility that in a more homogeneous sample there

ported by Tateiweet al,™ which showed not only a broad
transition near al g but also a very large residual electronic
specific heat coefficienty,.<=0.75y,, wherey, is an elec- We thank S. Inoue for his technical support for high-
tronic specific heat coefficient just abovisc. (Since a  pressure experiments. We would like to also thank K. Miy-
Fermi surface of minority spin is smaller than that of theake, K. Machida, H. Yamagami, and S. Watanabe for useful
majority, v.es iS to be less than 045, even if a supercon- discussions. N. K. Sato was supported by a Grant-in-Aid
ducting energy gap does not open on the minority spin Fermirom the Ministry of Education, Science, Sports, Culture and
surface) Technology, Japan.

are needed to resolve these problems.
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