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Effect of external pressure on the magnetism of UCo0.98Fe0.02Al
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UCoAl is an itinerant 5f -electron metamagnet. Just 2% substitution of Fe for Co in UCoAl stabilizes a
ferromagnetic ground state. We studied the temperature and field dependences of the magnetization of a
UCo0.98Fe0.02Al single crystal under hydrostatic pressures up to 1.2 GPa. The reentrant metamagnetism of the
UCoAl type was observed under pressures above 0.4 GPa. The experimental data have been analyzed based on
the theory of itinerant electron metamagnetism, which considers anisotropic thermal fluctuations of the mag-
netic moment.
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I. INTRODUCTION

Itinerant electron metamagnetism, i.e., a first-order fie
induced transition of an itinerant electron system from
paramagnetic to the ferromagnetic state, is a peculiar p
nomenon that originates from the special shape of the den
of states near the Fermi level.1 The family of itinerant elec-
tron metamagnets is relatively small and consists of few
termetallic systems.2 The only 5f itinerant electron meta
magnet known is the UCoAl compound, which crystalliz
in the hexagonal ZrNiAl-type structure.3 The ground state o
UCoAl is paramagnetic.4,5 The magnetic susceptibility is ex
change enhanced and exhibits a broad maximum as a f
tion of temperature. In a magnetic field of approximately 0
T applied along thec axis, this compound undergoes a me
magnetic transition to a ferromagnetic state with a U mag-
netic moment of 0.3mB .5–7

The metamagnetic transition in UCoAl is sensitive
pressure.8,9 The critical field of the transitionBc increases
with pressure at a rate 2.6 T/GPa. The observed pres
effect on the magnetism of UCoAl is well described with t
spin-fluctuation theory for strongly anisotropic itinera
magnetic systems.9–11 The magnetic phase diagram in th
T-P plane was constructed using experimental data.9 How-
ever, the theoretical phase diagram calculated for itine
metamagnets12 includes not only the metamagnetic and pa
magnetic phases but also the spontaneous ferromagnetic
that cannot be observed in UCoAl under any hydrosta
pressure condition. According to our estimation, the fer
magnetic phase will be stabilized in UCoAl by applying
effective negative pressure of more than20.25 GPa.9

On the other hand, the ferromagnetic ground state ca
easily achieved in UCoAl by a relatively small substitutio
of U by Y or Lu ~Refs. 13 and 14! and Al by Ga~Ref. 15! or
In.16 Similarly, just 2% doping of the Co sublattice by Ru
0163-1829/2002/66~6!/064433~9!/$20.00 66 0644
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Fe switches the specific metamagnetic phenomena in UC
to the ferromagnetism.17,18 Such a transformation is mainl
due to a change in the hybridization of the uranium 5f states
and thes, p, d electron states of other neighboring atom
rather than by a single volume effect.3 By applying pressure,
reentrant metamagnetism was observed for
UCo(Al12xGax) ~Ref. 19! and (U12xYx)CoAl ~Ref. 20!
compounds, which exhibit a ferromagnetic ground state
ambient pressure. These studies were performed, howe
on only available polycrystalline samples. Because of
strong uniaxial magnetic anisotropy, the metamagnetic tr
sition on the magnetization curves measured on polycrys
line samples is strongly broadened, which prevents a rea
able comparison between the experiment and the theory
this work we study the evolution of the magnetic propert
of a single crystal of UCo0.98Fe0.02Al with applied hydro-
static pressure, including the pressure-induced transi
from the ferromagnetic to the metamagnetic state. The
sults are discussed in the framework of the theory of an
tropic spin fluctuations in comparison with data available
the stoichiometric UCoAl.

II. EXPERIMENTAL DETAILS

A single crystal of UCo0.98Fe0.02Al was grown by the
modified Czochralski method from the melt of stoichiomet
amounts of the constituent elements~U of 99.95% purity, Co
and Fe of 99.99% purity, and Al of 99.9999% purity! in a
tetra-arc furnace. The sample of nearly cubic shape of
size of;1.8 mm3 and mass of 60 mg was spark erosion c
perpendicular to the principal axes.

For magnetization measurements under high pressure
sample was compressed in a Teflon capsule filled wit
liquid pressure-medium, a mixture of two types of Fluorine
~FC 70:FC 7751:1!, in a nonmagnetic high-pressure clam
©2002 The American Physical Society33-1
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cell made of a Ti-Cu alloy. The pressure exerted on
sample at low temperatures was calibrated by measuring
temperature of the superconducting transition in Pb. The
tal magnetization of the sample and the surrounding hi
pressure cell was measured with an extraction-type ma
tometer in magnetic fields up to 7 T produced by
superconducting magnet. Although the magnetization of
high-pressure cell is extremely small, it was subtracted fr
the total magnetization to obtain the intrinsic magnetizat
value of the sample.

III. EXPERIMENTAL RESULTS

In contrast to the paramagnetic ground state of UCo
the UCo0.98Fe0.02Al compound was found to become ferro
magnetic at ambient pressure. Figure 1 shows the mag
zation curve of UCo0.98Fe0.02Al measured at 1.5 K in a mag
netic field applied along thec axis. ~In magnetic fields
applied along thec plane, the sample behaves as a Pa
paramagnet and no metamagnetic transition was obse
down to the lowest temperature.! The magnetization proces
exhibits a hysteresis. For the thermally demagnetized sam
~cooled in zero field! the initial susceptibility is relatively
low (0.05mB /T) for a field interval below a starting field
Bst'0.1 T. Domain walls begin to move through the crys
only at Bst , but the magnetization reaches the spontane
magnetization value in a rather narrow field interval. T
hysteresis loop is almost rectangular with a nearly 10
remanent magnetization. A similar hysteresis behavior w
observed for other ferromagnetic U compounds with
ZrNiAl-type structure, which was attributed to the pinning
the narrow domain walls in highly anisotropic crystals.3 In
high fields, the magnetization does not saturate but show
strong increase with increasing field, similar to the case
UCoAl in magnetic fields above the metamagnetic transiti
The temperature dependence of the magnetization in a s
field ~the inset in Fig. 1! is typical of a ferromagnet. The
value of the Curie temperatureTC 5 18 K was estimated
from the extrapolation of theM2(T) curve toM50. TheTC

FIG. 1. Magnetization curve of single-crystallin
UCo0.98Fe0.02Al along thec axis for an ambient pressure at 1.5 K
Inset: temperature dependence of the magnetization in the fie
0.2 T.
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value determined from the Arrott plotsM2 versusH/M is 16
K. However, the Arrott plots are strongly nonlinear arou
TC , indicating that the ferromagnetic state is very close to
instability.

The magnetization curves measured for UCo0.98Fe0.02Al at
1.5 K at various pressures are shown in Fig. 2. The fer
magnetism is destabilized and the metamagnetic trans
appears at pressures above 0.4 GPa. The critical field o
transitionBc is defined as the field at which the differenti
susceptibilitydM/dB reaches the maximum value. A hyste
esis of the critical fieldDBc;0.15 T indicates that the meta
magnetic transition in UCo0.98Fe0.02Al is of first order. The
width of the hysteresis is approximately three times lar
than that for the parent compound UCoAl.

The average critical fieldBc is plotted as a function of
pressure in Fig. 3~a!. The value ofBc increases linearly for
P.0.4 GPa with a pressure derivativedBc /dP
52.8 T/GPa. This value is only slightly larger than 2.6
T/GPa reported for UCoAl.9 A much stronger pressure effec
on the metamagnetic transition withdBc /dP55 T/GPa was
reported for polycrystalline U0.98Y0.02CoAl, where the
ground state at ambient pressure consists of the mixtur
ferromagnetic and metamagnetic moments.20 From the
Bc(P) dependence, the critical pressure for the onset
metamagnetism in UCo0.98Fe0.02Al is determined to bePc
50.33 GPa. From the linear extrapolation of theM (B) de-
pendences for the paramagnetic and the induced ferrom
netic state toB5Bc , we determined the change of the ma
netization at the critical fieldDM ~for the ferromagnetic
magnetization curves it corresponds to the spontaneous m
netic momentMs). The value ofDM gradually decrease
with increasing pressure@Fig. 3~b!#, similarly to that of 3d
itinerant electron metamagnets.12

Figure 4~a! shows the temperature evolution of the ma
netization curves of UCo0.98Fe0.02Al at a pressure of 0.3 GPa
which is just below thePc value. The ground state is ferro
magnetic, however, the metamagnetic component app
with increasing temperature, which is especially evident
the magnetization curves measured at temperatures bet
10 and 14 K. From theBc(T) dependence we have dete
mined the transition temperature from the ferromagnetic

of

FIG. 2. Magnetization curves of UCo0.98Fe0.02Al at 1.5 K mea-
sured in both increasing and decreasing fields for different p
sures.
3-2
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EFFECT OF EXTERNAL PRESSURE ON THE . . . PHYSICAL REVIEW B 66, 064433 ~2002!
the metamagnetic state to beT155.7 K for the external pres
sure of 0.3 GPa. The first-order temperature-induced tra
tion from the ferromagnetic phase to metamagnetic ph
was predicted by the theoretical magnetic phase diagram
isotropic systems12 and observed earlier in 3d itinerant elec-
tron systems such as Co(S12xSex)2 ~Ref. 21! and
La(Fe12xSix)13.22 We are convinced that the present expe
mental result on UCo0.98Fe0.02Al provides clear experimenta
evidence of the existence of such a transition in 5f itinerant
electron systems.

For the pressure range where the metamagnetism is
servable, the transition becomes gradually broadened
increasing temperature. As an example, in Fig. 4~b! we show
the magnetization curves at various temperatures foP
51.2 GPa. The S shape of the magnetization curve dis
pears only above 20 K. In order to determine the criti
temperatureT0 at which the first-order metamagnetic tran
tion disappears, in Fig. 5~a! we plot the temperature depen
dence of the hysteresis width of the critical fieldDBc . For
P50.4 GPa, the value ofDBc decreases with increasin
temperature and vanishes atT0;12 K. A similar value ofT0
was determined for UCoAl at ambient pressure, when theBc
value is approximately the same. Unfortunately, we can
use the same way to determine critical temperatureT0 at
higher pressures because theDBc(T) dependence is strongl
nonlinear and the hysteresis above 5 K becomes very sm
For UCoAl the value ofdM/dB at the critical field decrease
sharply around the temperature whereDBc becomes zero.9

The temperature dependences of thedM/dB derivative at

FIG. 3. Average critical field of the metamagnetic transition~a!
and the change of the magnetization at the transitionDM ~b! at 1.5
K as functions of pressure.
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B5Bc for UCo0.98Fe0.02Al are shown in Fig. 5~b!. For P
50.4 GPa, theT0 value determined fromDBc(T) depen-
dence corresponds to the temperature at the steepest dec
of dM/dB(T). At this temperature,dM/dB amounts to half
of its ground state value. In order to estimate the press
change ofT0, we considerT0 as the temperature at which th
dM/dB value is a half of that for 1.5 K. Thus the determine
value ofT0 decreases slightly with increasing pressure do
to 10 K at 1.2 GPa.

For itinerant electron metamagnets, theBc value increases
quadratically with temperature (Bc;T2). Such dependence
were observed for Laves phase compounds@e.g., YCo2 and
Co(S12xSex)2# ~Ref. 23! and for itinerant 5f -electron meta-
magnets based on UCoAl.9,24 The average critical field of
UCo0.98Fe0.02Al is plotted in Fig. 6 as a function of the
squared temperature for different pressures. The critical fi
increases nearly linearly withT2 for all the pressures. A
small nonlinearity and difference in the slope ofBc(T

2) for
P50.4 GPa may originate from the contribution of som
amount of the ferromagnetic phase with its own hystere
which can survive at this pressure.

The temperature dependences of the susceptibility of i
erant electron metamagnets always show a broad maxim
near the temperature where the S shape of the magnetiz
curves disappears.2 This phenomenon is predicted by th
theory of itinerant electron metamagnets based on the s
fluctuation model.25 For UCoAl, a very clear susceptibility
maximum was observed atTmax;20 K.9 Figure 7 shows the

FIG. 4. Magnetization curves of UCo0.98Fe0.02Al for 0.3 GPa
~field-down measurements! and 1.2 GPa~averaged field-up and
field-down measurements! at different temperatures. Inset: temper
ture dependence of the critical field for 0.3 GPa.
3-3
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MUSHNIKOV, GOTO, ANDREEV, SECHOVSKY´ , AND YAMADA PHYSICAL REVIEW B 66, 064433 ~2002!
temperature dependence of the susceptibility
UCo0.98Fe0.02Al in a field 0.2 T at various pressures. It is se
that the susceptibility decreases with increasing pressure
a broad maximum of the susceptibility appears under
pressure above 0.6 GPa. At 0.4 GPa, the susceptibility m
mum is masked by a large susceptibility contribution th
originates from the ferromagnetic component and decre
with increasing temperature. The low-temperature upturn
the susceptibility below 8 K indicates that the sample is no
completely homogeneous and that some ferromagnetic c
ponent exists even at the maximum applied pressure

FIG. 5. Width of the hysteresis of the metamagnetic transit
DBc ~a! and the slope of the magnetization curvedM/dB at B
5Bc ~b! as functions of temperature for various pressures.

FIG. 6. Average critical fieldBc as a function of squared tem
perature for various pressures.
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f

nd
e
i-
t
es
f

m-
.2

GPa. The temperature of the susceptibility maximumTmax is
close to that of the parent compound UCoAl. The value
Tmax increases with increasing pressure. For itinerant e
tron metamagnets, a rather good proportionality holds
tween the values ofBc for T50 K andTmax.

2,23As shown in
Fig. 8, a linear relation betweenBc and Tmax holds also in
UCo0.98Fe0.02Al. The estimated slope of dBc /dTmax
50.48 T/K is larger than 0.36 T/K reported for UCoAl.9

Figure 9 shows the magnetic phase diagram
UCo0.98Fe0.02Al in the P-T plane. At low pressure and low
temperature the compound is ferromagnetic. With increas
temperature, the ferromagnetic phase is destabilized. Fo
low-pressure region, the second-order type transition to
paramagnetic state occurs atT5TC . For a narrow pressure
range ;0.25<P<0.33 GPa the compound shows a firs
order transition to the metamagnetic phase atT5T1. The
paramagnetic ground state with the metamagnetic trans
appears in the region above;0.33 GPa and below theT0
line. At the temperature aboveT0 the sample is paramag
netic, but the S-shape of the magnetization curve is obse
up to T;Tmax. The observed magnetic phase diagram
similar to the calculated diagram for isotropic itinera
metamagnets.2,12

n

FIG. 7. Temperature dependences of the susceptibilityx of
UCo0.98Fe0.02Al measured in a magnetic field of 0.2 T at differe
pressures.

FIG. 8. Critical field of the metamagnetic transitionBc at 1.5 K
as a function of temperature of the susceptibility maximumTmax at
various pressures.
3-4
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EFFECT OF EXTERNAL PRESSURE ON THE . . . PHYSICAL REVIEW B 66, 064433 ~2002!
IV. DISCUSSION

The magnetization curve for an itinerant metamagnet
be described by the following magnetic equation of state

B5a0M1b0M31c0M5, ~1!

whereB is the magnetic field~magnetic induction! in terms
of T, M is the uniform magnetization in terms ofmB /U. The
Landau expansion coefficientsa0 , b0, andc0 are the func-
tions of the electron density of states and its derivatives
the Fermi level. The metamagnetic transition appears un
the conditions:25

a0.0, b0,0, c0.0, and
3

16
,

a0c0

b0
2

,
9

20
, ~2!

whereM (B) in Eq. ~1! becomes a triple-valued function. I
the equilibrium condition, the metamagnetic transition o
curs at a critical fieldBc , for which the free energies of th
paramagnetic and ferromagnetic states, respectively,
equal. Equation of states~1! suggests that the magnetizatio
tends to saturate in high fields. For UCoAl-type metam
nets, the magnetization shows no tendency to saturat
fields above the metamagnetic transition. In order to desc
the non-saturated magnetization curve we must take into
count an additional paramagnetic contributionx0, assuming
it to be independent of temperature, magnetic field a
pressure.9 The coefficienta0 in Eq. ~1! is the inverse suscep
tibility and can be determined directly from the experime
However, the low-temperature susceptibility
UCo0.98Fe0.02Al is enhanced by a small ferromagnetic com
ponent~see Fig. 7!. For UCoAl, the susceptibility increase
with temperature proportional to;T2 at low temperatures
The spin-fluctuation theory gives the following expressi
for the temperature dependence of the susceptibility of
strongly anisotropic ferromagnet:

x~T!215a~T!5a013b0Q~T!115c0Q~T!2, ~3!

where Q(T) is the mean-square amplitude of longitudin
fluctuations of magnetization parallel toB along thec axis.10

Under condition~2!, the susceptibility increases with in

FIG. 9. Magnetic phase diagram of UCo0.98Fe0.02Al in the P-T
plane.
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creasingT at low temperatures whereQ(T) is also propor-
tional to T2,25 then reaches the maximum and decrease
high temperatures. In order to determine a correct value
the ground-state susceptibilityx(0) of the metamagnetic
UCo0.98Fe0.02Al phase, we subtracted the low-temperatu
upturn of the susceptibility from the experimentalx(T)
curves~Fig. 7!. The relation then gives the expansion coe
ficient a0:

a05@x~0!2x0#21. ~4!

We described the metamagnetic magnetization curves u
Eq. ~1! by varying only expansion coefficientsb0 and c0.
The value of the additional paramagnetic susceptibilityx0,
which allows to obtain the best fitting results for all pre
sures, was chosen as 0.007mB /T, slightly smaller thanx0
50.011mB /T estimated for UCoAl.9 As an example, Fig. 10
shows the experimental magnetization curve~circles! and the
fitted curve~dashed line! of UCo0.98Fe0.02Al under the pres-
sure 0.8 GPa at 4.2 K, where the initial susceptibility is n
affected by the ferromagnetic impurity. Both the low- an
high-field parts of the magnetization curve are fitted well, b
the difference occurs between the experimental and ca
lated magnetizations, respectively, near the metamagn
transition. The experimental metamagnetic transition
broadened, most likely because of the nonhomogeneous~or,
at least, statistical! distribution of the alloying element Fe
The coincidence between the experiment and the model
be substantially improved by taking into account a Gauss
normal distribution of the critical fields,

F~Bc!5
1

wAp/2
expF22

~Bc2B0!2

w2 G , ~5!

whereB0 is the average critical field that corresponds to t
maximum ofdM/dB, andw is the half-width of the distri-
bution. As a rule, the Gaussian-type distributions descr
well the composition fluctuations in the substituted co

FIG. 10. Magnetization curves of UCo0.98Fe0.02Al for T
51.5 K at P50.8 GPa: experiment~symbols!, calculation using
Eq. ~1! ~dashed line!, and calculation with the distribution function
shown in the inset~solid line!.
3-5
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MUSHNIKOV, GOTO, ANDREEV, SECHOVSKY´ , AND YAMADA PHYSICAL REVIEW B 66, 064433 ~2002!
pounds~see, e.g., Ref. 26!. The solid line in Fig. 10 repre
sents the calculated magnetization curve with the distribu
function shown in the inset.

Figure 11 shows the calculated magnetization curve
1.5 K for different pressures. They reproduce well the hig
field magnetization and the critical field of the metamagne
transition. A difference is observed in the low-field regio
where, as discussed above, the susceptibility is enhance
a ferromagnetic contribution. It should be noted that
magnetization curves for all pressures are described
with the same half-width of the distribution function,w
50.35 T for 1.5 K.

The uncertainty in determination of the coefficientsa0 ,
b0, andc0 for UCo0.98Fe0.02Al at 0.4 GPa is larger compare
to that at the higher pressures because of the presence
weak ferromagnetic contribution. In this case we cannot
termine the coefficienta0 from the experimental initial sus
ceptibility. Therefore we determineda0 at 0.4 GPa using
a0(P) dependence forP>0.6 GPa, which is found to be
nearly linear. Thenb0 andc0 coefficients can be easily ob
tained by a simultaneous fitting of the values ofBc and the
magnetization above the metamagnetic transition. Since
Bc value is lower than the width of the distribution functio
the calculated magnetization curve forP50.4 GPa shown in
Fig. 11 displays a weak ferromagnetism, which is actua
due to a mixture of the ferromagnetic and paramagn
ground states of different microscopic areas of the inhom
geneous UCo0.98Fe0.02Al sample.

The values of the coefficientsa0 , b0 andc0 are plotted in
Fig. 12 as functions of pressure. All the absolute values
the three coefficients monotonically decrease with decre
ing pressure. Thea0 coefficient tends to change the sign a
pressure;0.22 GPa. This implies that UCo0.98Fe0.02Al at
ambient pressure is a conventional ferromagnet witha0

,0. The values ofa0c0 /b0
2 fall between 0.20 and 0.23 fo

all the pressures in the range of metamagnetism, in ag
ment with condition ~2!. The pressure dependence
a0c0 /b0

2 is strongly nonlinear. The ferromagnetic state a
pears forP50.33 GPa when the coefficienta0 is still posi-
tive anda0c0 /b0

2 becomes equal to 3/1650.1875.

FIG. 11. Magnetization curves of UCo0.98Fe0.02Al for T
51.5 K at different pressures: experiment~open symbols!, calcula-
tion using Eq.~1!, and the distribution function~solid line!.
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In the theory of itinerant electron metamagnets w
strong anisotropy, the susceptibility value atTmax can be es-
timated using the values ofa0 , b0, andc0, determined from
the magnetization curve atT51.6 K as9

x~Tmax!
215a~Tmax!5a02

3

20

b0
2

c0
. ~6!

Figure 13 shows the calculated values ofx21(Tmax) for vari-
ous pressures, which are compared with the experime
ones $5@xexp(Tmax)2x0#

21% for UCo0.98Fe0.02Al. Both the
experimental and theoretical values increase linearly w
pressure, however, they differ approximately by two tim
Similar dependences for UCoAl compare well with ea

FIG. 12. Pressure variations of the Landau expansion co
cientsa0 , b0 , c0 and the value ofa0c0 /b0

2 at 1.6 K.

FIG. 13. Values of the inverse susceptibility of UCo0.98Fe0.02Al
for T5Tmax as a function of external pressure. The circles indic
the experimental data, and squares are the values calculated
the coefficientsa0 , b0, and c0 derived from the magnetization
curves for 1.6 K.
3-6
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EFFECT OF EXTERNAL PRESSURE ON THE . . . PHYSICAL REVIEW B 66, 064433 ~2002!
other,9 that provides evidence of the applicability of the sp
fluctuation theory to the strongly anisotropic itinerant me
magnets. The smaller experimentalx21(Tmax) values in
comparison with those predicted by the spin-fluctuat
theory can be caused by the enhancement of the suscep
ity because of the presence of a ferromagnetic compone
the metamagnetic sample. Indeed, the enhanced suscep
ity was also observed for an off-stoichiometric single crys
U0.9Co1.05Al1.05 ~Ref. 24! that exhibits a broadened metama
netic transition and contains some ferromagnetic compon
at ambient pressure.

According to the Eq.~6!, the susceptibility atTmax be-
comes infinite ata0c0 /b0

253/20 that corresponds to th
triple point of the magnetic phase diagram, which is t
boundary between the first- and second-order transition11

The inverse susceptibility shown in Fig. 13 is a linear fun
tion of the pressure. The pressure that corresponds to
triple point in the magnetic phase diagram in Fig. 9 is de
mined to be;0.25 GPa. It should be noted that in our es
mation the coefficienta0 changes the sign just below th
triple point.

The magnetic phase diagrams reported in the works2,12

were calculated for the isotropic itinerant electron metam
nets. For the strongly anisotropic metamagnets such
UCoAl, the calculated magnetic phase diagram is expec
to be slightly different. At a finite temperatureT, the coeffi-
cientsa0 , b0, andc0 in Eq. ~1! are renormalized by therma
spin fluctuations, and the magnetic equation of state is gi
by

B5a~T!M1b~T!M31c~T!M5, ~7!

where the coefficientsa(T), b(T), andc(T) are functions of
a0 , b0, and c0 and the thermal average of the fluctuati
magnetic moment. The expression fora(T)5x21(T) is
given by Eq.~3!, and the expressions forb(T) andc(T) are
written by

b~T!5b0110c0Q~T!, ~8!

c~T!5c0 . ~9!

For simplicity, we neglect the temperature dependencec
in the theory. However, the observed results for UCoAl e
hibit a temperature dependence ofc.9,10

The equations of the phase boundary lines can be
tained from conditions~2! by replacing the ground-state ex
pansion coefficientsa0 , b0, and c0 with the temperature-
dependent parametersa(T), b(T), and c(T). From these
relations, the mean-square amplitude of longitudinal fluct
tions of the magnetization along thec axisQ(T) at the criti-
cal temperatureT0 of the disappearance of the metamagne
transition can be determined as

Q~T0!5
ub0u
10c0

S 12A10

3Aa0c0

b0
2

2
3

20D . ~10!

The ferromagnetic state appearing ata(T)c(T)/b(T)2

53/16 becomes unstable and a first-order transition occu
the critical temperatureT1 at which
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Q~T1!5
ub0u
10c0

S 12A80

3Aa0c0

b0
2

2
3

20D . ~11!

The maximum ofx(T) dependence is given by the relatio
]x(T)21/]Q(T)50, and we obtain

Q~Tmax!5
ub0u
10c0

. ~12!

Finally, the condition of the second-order transition from t
ferromagnetic to the paramagnetic state atTC is given by

a~TC!50, b~TC!.0, ~13!

and from Eq.~3! we can easily obtain

Q~TC!5
ub0u
10c0

S 11A12
20

3

a0c0

b0
2 D . ~14!

The magnetic phase diagram with the phase bounda
corresponding to Eqs.~10!–~12! and ~14! is plotted in Fig.
14. As Q(T) is a monotonically increasing function of tem
perature, the vertical axis corresponds to the temperature
the other hand, thea0c0 /b0

2 ratio varies monotonically with
pressure~Fig. 12!. Therefore, the horizontal axis correspon
to the pressure. The experimental magnetic phase diagra
Fig. 9 is consistent with the calculated one, implying t
applicability of the spin-fluctuation theory to the strong
anisotropic 5f itinerant electron metamagnets.

According to the theory of anisotropic itinerant electro
metamagnets, the critical field of the metamagnetic transi
is given by9

Bc>
3

4
Aub0u

3c0
S a02

3

16

b0
2

c0
1

3

4
ub0uQ~T! D ~15!

in the first-order approximation ofQ(T). Since Q(T) is
positive and proportional toT2 at low temperature, the valu
of Bc(T) increases with temperature asT2,

Bc5Bc~0!1bT2, ~16!

FIG. 14. Theoretical magnetic phase diagram for strongly an
tropic itinerant electron compounds. Curves denoted as (TC), (T1),
(T0), and (Tmax) show respectivelyQ(TC), Q(T1), Q(T0) and
Q(Tmax), scaled byub0u/10c0.
3-7
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in agreement with the experimental results, as shown in
6.

Substituting Eqs.~6! and ~12! into Eq. ~15!, we get the
relation betweenBc at 0 K and the susceptibility atTmax:

Bc~0!5
5A30

16
AQ~Tmax!Fx~Tmax!

212
1

5
a0G . ~17!

Saito et al.27 found a universal linear relation between t
critical field and the inverse susceptibility for isotrop
Laves-phase metamagnets. Figure 15 showsBc versus
x(Tmax)

21 dependences for UCo0.98Fe0.02Al and UCoAl.9 For
both compounds the dependences follow a straight solid
However, the slope of the line is found to be ab
0.14mB /U, considerably lower than the reported value
0.4mB /Co for isotropic Laves phase compounds.27 For the
isotropic metamagnets, a numerical coefficient fora0 in Eq.
~15! is about four times smaller25,27~1/21 in comparison with
1/5 for anisotropic metamagnets!, and the change ofa0 gives
a small contribution to the change ofBc(0). Foranisotropic
UCoAl-type metamagnets, thea0 coefficient changes consid
erably by the application of pressure, and theBc(0) value is
affected by both components in the square brackets o
Eq. ~15!. Fortunately, bothx(Tmax)

21 and a0 increase lin-
early with increasing pressure, so the linearity of the dep
dence ofBc(0) onx(Tmax)

21 holds for UCoAl-type systems

FIG. 15. The critical field of the metamagnetic transition at
K vs the inverse susceptibility atTmax for UCo0.98Fe0.02Al ( d) and
UCoAl (s).
a

o

06443
g.

e.
t
f

he

n-

Finally, we discuss the change in theg-value of the elec-
tronic specific heat due to the metamagnetic transition.
cording to Ref. 28, the change ofg can be estimated as

Dg522bDM , ~18!

whereDM is the change of the magnetization at the critic
field @Fig. 3~b!# and the coefficientb is given by Eq.~16!.
The estimation givesDg524.1 mJ mol21 K22 for the
metamagnetic transition at 0.6 GPa. The specific-heat m
surements of polycrystalline UCoAl indicate that theg-value
changes from 70 mJ mol21 K22 in zero field to 62 mJ mol21

K22 at 5 T,7 consistent with our estimations. The absolu
value ofDg decreases nearly linear with increasing pressu
At P51.2 GPa, we haveDg522.9 mJ mol21 K22. These
results suggest that the spin fluctuations in UCo0.98Fe0.02Al
are suppressed by the application of high pressure.

V. CONCLUSION

We performed a study of the magnetic properties of
UCo0.98Fe0.02Al compound, which is characterized by itine
ant 5f electrons, under hydrostatic pressure. The gro
state is ferromagnetic at ambient pressure, but the spont
ous moment vanishes and the UCoAl-type metamagnetis
fields applied along thec axis appears atP>0.4 GPa. The
critical field of the metamagnetic transition increases w
pressure at a rate of 2.8 T/GPa. In the metamagnetic s
the temperature dependence of the susceptibility show
broad maximum at a temperatureTmax. The susceptibility
decreases and the value ofTmax gradually increases with
pressure, similar to these for UCoAl. Using the experimen
data, we plotted the magnetic phase diagram in theP-T
plane. Based on the theory of itinerant electron metam
netism extended to the case of anisotropic thermal fluc
tions of the magnetic moment, we obtained the calcula
magnetic phase diagram for anisotropic itinerant elect
metamagnets, consistent with the experimental phase
gram. The observed susceptibility maximum, the press
dependence of the inverse susceptibility atTmax, and the
temperature dependence ofBc can also be explained by th
theory.

ACKNOWLEDGMENTS

This work was supported by a Grant-in Aid for the Sc
entific Research on Priority Areas~B! from the Ministry of
Education, Culture, Sports, Science and Technology of
pan. The stay of N.V.M. at ISSP was also supported by
Ministry. The work was partly supported by the Grant N
202/02/0739 from the Grant Agency of the Czech Repub
ens.

,

n-
*Permanent address: Institute of Metal Physics, S. Kovalevsk
18, 620219 Ekaterinburg, Russia.

†Author to whom correspondence should be addressed. Electr
address: goto@issp.u-tokyo.ac.jp
1E.P. Wohlfarth and P. Rhodes, Philos. Mag.7, 1817~1962!.
2T. Goto, K. Fukamichi, and H. Yamaga, Physica B300, 167

~2001!.
3V. Sechovsky´ and L. Havela, inHandbook of Magnetic Materials,

edited by K. H. J. Buschow~Elsevier, Amsterdam, 1998!, Vol.
11, p. 1.
ya

nic

4O. Eriksson, B. Johansson, and M.S.S. Brooks, J. Phys.: Cond
Matter 1, 4005~1989!.

5M. Wulff, J.M. Fournier, A. Delapalme, B. Gillon, V. Sechovsky´,
L. Havela, and A.V. Andreev, Physica B163, 331 ~1990!.

6A.V. Andreev, R.Z. Levitin, Y.F. Popov, and R.Y. Yumaguzhin
Fiz. Tverd. Tela~Leningrad! 27, 1902~1985! @Sov. Phys. Solid
State27, 1145~1985!#.

7V. Sechovsky´, L. Havela, F.R. de Boer, J.J.M. Franse, P.A. Vee
huizen, J. Sebek, J. Stehno, and A.V. Andreev, Physica B142,
283 ~1986!.
3-8



.

-

lid

.
n.

d.

s.

-
.

a,

a-

EFFECT OF EXTERNAL PRESSURE ON THE . . . PHYSICAL REVIEW B 66, 064433 ~2002!
8A.V. Andreev, M.I. Bartashevich, T. Goto, K. Kamishima, L
Havela, and V. Sechovsky´, Phys. Rev. B55, 5847~1997!.

9N.V. Mushnikov, T. Goto, K. Kamishima, H. Yamada, A.V. An
dreev, Y. Shiokawa, A. Iwao, and V. Sechovsky´, Phys. Rev. B
59, 6877~1999!.

10H. Yamada, N.V. Mushnikov, and T. Goto, Physica B281-282,
218 ~2000!.

11H. Yamada, N.V. Mushnikov, and T. Goto, J. Phys. Chem. So
63, 1189~2002!.

12H. Yamada, K. Fukamichi, and T. Goto, Phys. Rev. B65, 024413
~2001!.

13A.V. Andreev, I.K. Kozlovskaya, N.V. Mushnikov, T. Goto, V
Sechovsky´, L. Havela, Y. Homma, and Y. Shiokawa, J. Mag
Magn. Mater.196-197, 658 ~1999!.

14A.V. Andreev, V. Sechovsky´, D. Rafaja, L. Dobia´šová, Y.
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