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Magnetic phase diagram and the pressure and field dependence of the Fermi surface in UGe
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The ac susceptibility and de Haas—van AlptrivA) effect in UGe are measured at pressui@sip to
17.7 kbar for the magnetic fiell parallel to thea axis, which is the easy axis of magnetization. Two anomalies
are observed aB,(P) andB,,(P)(B,>B,, at anyP), and theP-B phase diagram is presented. The Fermi
surface and quasiparticle mass are found to vary smoothly with pressure up to 17.7 kbar unless the phase
boundaryB,(P) is crossed. The observed dHVA frequencies may be grouped into three according to their
pressure dependences, which are largely positive, nearly constant, or negative. It is suggested that the quasi-
particle mass moderately increases as the bourBlgy) is approached. DHVA effect measurements are also
performed across the boundary at 16.8 kbar.
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The recent discovery by Saxeertal. of superconductiv- at pressures ned?,. This leads to the conjecture that the
ity in the itinerant-electron ferromagnet U&bas aroused superconductivity is mediated by fluctuations associated with
much excitement. This could be superconductivity of the the second-order quantum critical point B} rather than
type that has long been sought for, i.e., superconductivityp.>1%|t is therefore of importance to clarify the origin of
mediated by ferromagnetic spin fluctuatinslowever, the  the T, anomaly and its influence on quasiparticle properties.
superconductivity in UGgdoes not rigorously conform to  The magnetic response of UgGis extremely anisotropic;
previous theoretical expectations, in that it occurs only in theyt 4.2 K, theb-axis magnetization is less than 15% of the
ferromagnetic phase. It is theoretically anticipated that, as g axis one even in a field of 35%In our previous de Haas—
ferromagnetic transition is continuously suppressed down tQ 5, Alphen (dHvA) effect measurementg, the magnetic
absolute zero, spin fluctuations are enhanced and may lead {84 was applied parallel to thie axis, a hard axis of mag-
magnetically mediated superconductivity on both ferromagy, ey ation, and hence the Fermi surface and related proper-

netic and paramagnetic sides of the guantum critical péint. ties determined in those measurements are virtually those at

On the one hand, the peculiarity of the superconductivity " ero magnetic field. In this work, we apply the field along the

UGe, may be attributed to some particular features of the asya axis. The field along tha axis induces two phase

compound, as discussed further below. On the other han L ansitions at hiah pressures. which are intimatelv related to

the fact that the superconductivity in the itinerant-electronth TH | '9 gth l; Wt i tl ! i yW det

ferromagnet ZrZp also disappears when the ferromagnetism € x anomaly an € terromagnetic transition. Ve deter-
mine the pressure vs field phase diagram by measuring ac

vanishes(Ref. 5 may suggest that ferromagnetic order is a =K ] A ’
prerequisite for the superconductivity in these compoundsSUsceptibility, and study the Fermi surface and quasiparticle
Answering this essential question will require a detailed un/mass as functions of pressure and of field via the dHvA ef-
derstanding of the electronic structure, to which the preserfect.
work is intended to contribute. The single crystal used in the present measurements was
The Curie temperatur&c in UGe,, being 52 K at ambi- grown by the Czochralski method, and subsequently an-
ent pressur8, decreases with pressure and vanishes at thgealed at 1100 °C for 110 hours under ultrahigh vacuum. The
critical pressurd®.~16 kbar™’~1°It was suggested that the residual resistivity ratio along tha axis is about 200. Hy-
ferromagnetic transition at pressures neRg is first  drostatic pressureB up to 17.7 kbar were produced by a
order!'?An additional anomaly is found at,(<Tc) inthe  BeCu/NiCrAl clamped piston-cylinder cell with Daphne
ferromagnetic phas&:1%13the temperature derivative of the 7373 oil (Idemitsu Co. Ltd., Tokyb as a pressure-
resistivity shows a broad peak 8§, and the magnetization transmitting medium, and the ac susceptibility, the oscilla-
increases below,. The characteristic temperatufg also  tory part of which comes from the dHVA effect, was mea-
decreases with pressure and appears to reach absolute zersated with a pickup coi(see Ref. 12 for details Since the
P,~12-13 kbar. The origin of thd, anomaly is not yet sample is ferromagnetic, the magnetic fidddinside the
clear. It was proposed that the anomaly is due to the formasample differs from the applied fiel®,,,; B=Bgpp
tion of coupled charge- and spin-density-wa¥é$!*The su-  + uo(1—N)M, whereN andM are the demagnetization and
perconductivity appears belol K in a pressure range magnetization factor, respectively. We estimaketb be 0.1
~10-16 kbar®1%1215The transition temperature is highest from the sample shape ahd from data in Ref. 13.
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FIG. 1. The inset shows the ac susceptibility alongatais for
selected pressures. The anomaly fidgsandB, are indicated. The

sured at 1.1 K. Up- and down-field-sweep data are superimpos
nearB,, for 15.2 kbar and neaB, for 14.0 kbar to show the ab-

sence of hysteresis at those anomalies. The vertical scale of the
right panel is expanded by the factor of 40. Since the balance of

vanishes, has been reported tob&6 kbar,
we located it between 15.4 and 17.6 kbar in previous mea-
surements on a different sampfeThe discrepancy between
P.o and P might be due to sample dependence and/or error
in the pressure determination, which is estimated to be
~=*0.3 kbar in our case. However, we note that it may in-
dicate the existence of a narrow pressure redglg<<P
<P, where ferromagnetic order exists at zero field, and a
18 metamagnetic transition is observed in fields. Similar obser-
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possibility that it is due to a first-order transition is not ex-
cluded. The absence of hysteresis may be an indication that it
is too small to be observed. Although the peak width
~0.1 T, at the half maximum, may appear broad, it may be
explained by tiny pressure variation~(0.3%) over the

sample. The suppression of the peak height at lower tempera-
tures might indicate that domain-wall motion is involved in
the transition process, as is the case with a first-order transi-
tion.

The pressuré® ., where B,,, reaches zero is in between

1,10

14.0 and 15.2 kbafFig. 1), which is consistent withP .y of
~14.4 kbar reported by Kobayaskt al’® On the other
hand, the critical pressur., where the ferromagnetism

and in fact

vations thatP. <P, were also reported for some itinerant-
electron metamagnets, e.g., Y(CQAl,), (Ref. 19 and

pickup coil slightly varies from pressure to pressure, and since thidially inhomogepggus_ _ o
effect is not corrected, a vertical shift between the 14.0- and 15.2- The susceptibility peak &8, is so small that it is not a

kbar data has no significance. The main panel slBwsndB, as
functions of pressure. The two arrows indicate tBatand B, are
absent at the respective pressures.

The inset of Fig. 1 shows the ac susceptibility for selecte

pressures. The ac susceptibility at 12.3 kbar exhibits a super-

conducting diamagnetic signal at low fields, while the susZEm atP(~12-13 kbar)(Fig. 1). Huxley et al. previously

ceptibilities at 14.0 and 15.2 kbar show one and two anomaf—ounOI the same pressure dependencB,gfand argued that

lies, respectively. The anomaly fields, and B, are shown

as functions of pressure in the main panel.

UCoAl,_,Ga,.?° It is, however, questionable whether the
: ferromagnetism and metamagnetism can microscopically co-
measurement temperature is 0.07 K, except the dotted curves megsist | this relation, it is interesting to note a recent report
&y Motoyameet al, ! in which the authors argued that, when
the pressure is increased in the pressure range of the super:
gonductivity, the ferromagnetism in Ugenay become spa-

first-order phase transitioimote that the vertical scale for the

right panel of the inset to Fig. 1 is expanded by the factor of
40). The peak height decreases with temperature, and the
cPrigin of which temperature dependence is not clear. The
anomaly fieldB, increases with pressure, and appears to be

the magnetic field along the axis shifted the linel',(P) in

a P-T plane to higher pressuré$Tateiwaet al. gave clear
The absence of diamagnetic signals at pressures oth&HPPOrt to this suggestion by measuring magnetization vs

than 12.3 kbar could indicate that the pressure range for th€mperature curves in fields at a constant pressure slightly

superconductivity in this particular sample is extremely nar-higher thanP, ; the curve measured at the lowest field does
row. However, we suspect that diamagnetic signals at othgtot show any sign of thd, anomaly down to the lowest

pressures are simply suppressed below the detection limit bgmperature investigated, while curves measured at higher

the ac excitation field of 0.62 mT applied along thexis.  fields exhibit a rapid increase in magnetization, an indication

Actually, Saxeneet al. used one-order-of-magnitude smaller of the T, anomaly, at temperatures that increase with fiéld.
excitation fields to observe appreciable diamagnetic signal§he interpretation o8B, may be rephrased in a way that is
more relevant to Fig. 1, i.e., thE, anomaly occurs at finite

at ~15 kbar!

The anomaly atB,, corresponds to what Huxlegt al.
attributed to a metamagnetic transititnin the framework

of itinerant-electron metamagnetisth'’ the transition is ex-
pected to be a first-order one from the paramagnetic state, tesults of the previous-axis dHvA measurementd.First,

a polarized state where up- and down-spin electron energwe have found that the Fermi surface changes discontinu-
ously asP. is crossed. Second, the quasiparticle mass is
enhanced ned?, ; the mass associated with a large orsi,

bands are split as they are in the ferromagnetic state.
Since the susceptibility peak &, is fairly large, the
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temperatures on the left side of the liBg(P), while it does
not down to zero temperature on the right side.

Before presenting dHVA data, here we mention two main
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FIG. 2. Fourlgr spectra of dHVA oscillations al_ong thaxis in (b) the effective masses associated with the orbitsd, and « (in

UGe, as a function of pressure. dHvA frequencies, or orbits, aréhe units of free-electron mass,). The masses were determined
labeled by Greek letters. Each spectrum is arbitrarlly scaled fokom the temperature dependence of oscillation amplitudes as usual.
clarity. The data window for the Fourier transformations is approxi-the field span of the oscillation data used in the mass determination
mately fromB,,,=5-18 T for pressures up to 15.2 kbar, while js approximately fronB,pp=11(11.5 for 17.7 kbarto 18 T. Since

the window is narrowed for higher pressures to avoid the anomalyne windows are narrower than those used for the spectra in Fig. 2,
atB,;Bapp=8.2-17.6 T for 16.8 kbar and 11.6-17.6 T for 17.7 g the frequencies in Fig. 2 are not resolved. The figure shows the

kbar. Because of the narrower windows, the frequency resolution igyasses only for the frequencies that are well resolved at pressures
deteriorated for these pressures. of a wide range.

being 12n, at ambient pressure, gradually increases tm16
at 12.2 kbar, then suddenly jumps ton@9at 13.2 kbarm,  dinF/dP of 25-40x10 2 kbar', (2) ¢ decreases with
being the free electron mass. pressure, an@3) » stays nearly constant. These differences
Figure 2 shows the Fourier spectra of dHVA oscillationsin behavior would be valuable in assigning the frequencies to
for the field along thex axis as a function of pressure. Note orbits if band-structure calculations under high pressures be-
that, for pressures where tiB3 anomaly is observed, only came available.
oscillation data abovB, were Fourier transformed. Figure 3  Although the pressure dependence of the effective masses
summarizes dHVA frequencies and effective masses as funts not very appreciable, a gradual increase-@f0%, from 0
tions of pressure. The frequencies and masses at ambietat 17.7 kbar, may be seen far[Fig. 3(b)]. We also found a
pressure agree well with a previous repSrt. faint tendency that the masses associated wittt 16.8 kbar
Figures 2 and 3 clearly indicate that the Fermi surface an@ndx at 17.7 kbar increase as the field is decreased to within
the quasiparticle mass vary smoothly without any disconti~2 T of B, though the magnitudes of those variations are
nuity from 0 to 17.7 kbar. This is in sharp contrast to thenearly comparable to the error in the mass determination
b-axis results. The difference is easily explicable in terms of(~*+20%) and are left to be determined in more precise mea-
the phase diagram in Fig. 1. As mentioned at beginning theurements. These observations indicate that the quasiparticle
b-axis measurements are virtual zero-field measurementsjass moderately increases as the bound®i§P) is ap-
and henceP, and P, were indeed crossed in the course of proached from the left side in Fig. 1. This is consistent with
the measurements. On the other hand, the results shown the modest increase in the mabgfore the jumpobserved
Figs. 2 and 3 were obtained along a path that does not intein the b-axis measurements.
sect the boundar,(P). It is then interesting to see how the mass changes across
The dHVA frequencies may be divided into three categothe boundanB,(P). Figure 4a) shows the ac susceptibility
ries according to their pressure dependdifig. 3a)]. (1) e, at 16.8 kbar. As the inset shows, dHVA oscillations are vis-
¢, +, and « rapidly increase with the pressure coefficientible both below and abovB, . Figure 4b) shows the Fourier
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(@) By are easier to observe at higher fields, the mass of any fre-
quency that is seen aboWs is lighter than the mass of the
Bn\n . single frequency that is detected bel®y. This can easily
be understood if we assume, based on the mass jump@Ppear
I IR IO N

dHvA signal

found in theb-axis measurements, that the quasiparticle mass
is considerably enhanced as the boundBy{P) is crossed
to the right(in this case, to the low-field sifleResults of
008 012 016 020 resistivity measurements by Kobayasgtial. are in favor of
1B (1/T)  Bx this assumption; the quadratic temperature coefficient of the
_J resistivity, determined as a function of the magnetic field at
| ' i 16.7 kbar ¢ P,), is larger belowB, than abové®
0 2 4 6 8 10 In summary, we have determined tReB phase diagram
B app1 (1) of UGe,, which comprises the two phase boundaigéP)
(34103) P = 168 kbar andB,,,(P). While t'he anomaly aB, is not pf first order, that '
________ B>By at B, may be of first order. We have pointed out the possi-
g — B<By bility that the pressureP.,, where B,, reaches zero, is
(11 £2) (m*/me) slightly lower thanPc_. Together vy|th the recent suggestion
that the ferromagnetism may be inhomogeneous in the pres-
sure range of the superconductivifythis seems to deserve
further investigation. We have shown that the Fermi surface
] and quasiparticle mass continuously vary with pressure up to
3 S s S 17.7 kbar on the low-pressure/high-field side of the boundary
400 800 1200 1600 B,(P). This is in sharp contrast with the previobisaxis
F(T) results. The dHVA frequencies may be grouped into three
o ] categories according to the rate of the pressure variation,
FIG. 4. (a) ac susceptibility at 16.8 kbar. The inset shows dHVA \yhich would be helpful in assigning each frequency to an
oscillations below and above the anomaly fi@ld. Measurement orbit on the Fermi surface. The mass associated with the
conditions were different, so that the amplitudes of oscillations Car}requencyx shows a moderate increase-6#0% from 0 to
not directly be compared between below and abiBye(b) Fourier 17.7 kbar. We have also examined the variation of the mass
spectra of oscillations below and aboBg. The quasiparticle ef- ) )
fective masses are shown in parentheses for some orbits. across the boundar, at 16.8 kbar. .The re§ult seems con-
sistent with the mass enhancement increasing b8lowOur
results as a whole suggest that changes in quasiparticle prop-
erties across the critical pressurBg and P, may conve-
niently be revealed by studying those properties as functions
rof the field(in the direction of thea axis) at high pressures.

ac susceptibility

(b)

amplitude

(5.5£0.6) (6.7 £0.3)—

transforms of the oscillation data below and ab®e and
masses for orbits. Several frequencies are resolvedfor
>B, (the dotted curvg but the associated masses arerg.7
at most. On the other hand, only one frequency is visible fo
B<B, (the solid curvg and the associated mass igril Work at Tohoku University was supported by a Grant-in-
That is, despite the fact that frequencies with heavy massesid for Scientific Research of MEXT Japan.
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