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Magnetic properties of the F itinerant electron metamagnet UCoAIl under high pressure
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The magnetization and susceptibility of single-crystalline UCoAl were measured under high pressures to
P=1.2 GPa. A sharp metamagnetic transition was observed only in magnetic fields aloogti®e The
critical field isB,=0.65 T atP=0 GPa, which increases with pressure and temperature. The susceptibility for
ambient pressure shows a broad maximuri,gt=20 K. The value ofT 5 increases with pressure. A theory
of the itinerant metamagnetic transition has been generalized for the case of anisotropic spin fluctuations. The
observed pressure dependence of the inverse susceptibiliatthe temperatur&, for the disappearance of
the metamagnetic transition, and the temperature dependenBg oén be explained with this theory.
[S0163-18269)04409-4

. INTRODUCTION Co(S,_,S8),, the 3l electrons of Co are responsible for the
magnetic properties. In UC0AI, on the other hand, ttie 5
Iltinerant electron metamagnetism is a first-order field-electrons of U contribute mainly to the magnetism, white 3
induced transition from the paramagnetic ground state to thelectrons of Co do ndt.Although the metamagnetic phe-
ferromagnetic state in the itinerant electron system. This phenomena in @ itinerant metamagnets are isotrof;'rthe meta-
nomenon has been observed up to now in various Co-baseflagnetic transition in UC0AI is observed only in magnetic
compounds such as 8§ _,Seg), and RCo, with R=Y, fields along thec axis. In the basal plane, UC0Al shows
Lu.? The metamagnetic transition is considered to originateveak paramagnetism and no metamagnetic transition. Large
from a special shape of the density-of-states curve around theniaxial magnetic anisotropy is found in all theT com-
Fermi level. pounds(T=late d-transition elementX=p element indepen-
The UCoAl compound belongs to a wide group of ura-dent of the ground state. In thel &inerant metamagnets of
nium intermetallics which crystallize in the hexagonal the Laves phase, a strong correlation betwBgand T 4 iS
ZrNiAl-type structure. Andreewet al? found that this com- found! In UCoAl-type metamagnets, however, such a cor-
pound shows a metamagnetic transition to a ferromagnetirelation has not been established yet.
state wih a U magnetic moment of Qug in a weak mag- Spin fluctuations are considered to play an important role
netic field less tha 1 T applied along the axis. The ground in the itinerant metamagnetic transition at finite tempera-
state of UC0AI is considered to be paramagnetic from theures. Several theoretical approaches taking into account the
observation of the absence of anomalies in the temperatukffects of spin fluctuations have been proposed to explain the
variations of the specific heat, the electrical resistifignd  observed itinerant metamagnetic transittént> The mag-
the lattice parametera and ¢.®> Wulff et al. confirmed this  netic behavior observed in(€o,_,Al,), and CdS,;_,Se),
state from polarized-neutron diffraction experiméhBand  can be interpreted successfully using a theory of itinerant
structure calculations of UC0AI suggest that the observeglectron metamagnetism at finite temperatdreldowever, it
transition is a § itinerant metamagnetic transitidnThe s not clear whether this theory is applicable to the metamag-
UCoAI compound has very similar characteristics to typicalnetic transition in the Kitinerant metamagnet UCoAI as
3d itinerant metamagnet$i) The susceptibility is exchange well.
enhanced and exhibits a broad maximum around a character- The magnetic properties of TX compounds depends on
istic temperatureT .y, (2) the high-field susceptibility is the overlap of the Bwave functions of neighboring U atoms
large even in magnetic fields above the metamagnetic trarand the hybridization of thefStates of U with thes, p and
sition, (3) the critical field of the metamagnetic transitiBp d valence states of ligand§ and X atoms. In UCoAl, the
is proportional toT2 at low temperatureg4) the transition is  5f-3d plus 5-3p hybridization is believed to be too strong for
very sensitive to external presstiand alloying®*° the formation of U magnetic moment. Andreevall® ex-
However, some characteristics of UC0AI are quite differ-amined the influence of the Ga substitution for Al on the
ent from those of 8 itinerant metamagnets. IRCo, and  magnetic properties of UCoAl. A stable ferromagnetic
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ground state is found to appear at a Ga concentration of more 05— . . .
than 20%. The appearance of the ferromagnetism is consid- —v—04GPa UCoAl
ered to be due to the weakening of thiepShybridization 04k 008Gk
because thefBlp (Ga) hybridization is weaker than thd-3p 5
(Al) hybridization. Recently, we measured the magnetization o
curves of UCoA]_,Ga, at T=4.2 K under high pressure up z 03
to 1.2 GPa. We observed that the application of high pres- .2
sure suppresses the ferromagnetism and itinerant electron § 0.2
metamagnetism occurs in the concentration region=8.2 ks
=<0.3. Details of the experimental results will be published gn 0.1
elsewherég! S
The first study of the pressure effect on the magnetization 0.0 b et

process of UCoAl was performed dt=4.2 K with two
single-crystalline samples in the_ homoggneity range Magnetic Field (T)
Up.oC0; gsAl1 g5 and U, 1Coy 95Al o g5 Which only gives infor-
mation about the metamagnetic properties of the ground FIG. 1. Magnetization curves of single-crystalline UCoAI For
state® In order to obtain the information at finite tempera- T=1.6 K in magnetic fields along the axis at various pressures.
tures, we have studied in detail the pressure effects on thehe inset shows the magnetization curve on a finer magnetic field
susceptibility and the magnetization process of UC0AI in ascale.
wide temperature range using a high-quality single crystal.
Since the metamagnetic phenomena of UCo0AI are very anvalue was subtracted from the total magnetization to obtain
isotropic, we have proposed a theory of the metamagnetithe precise value of the sample magnetization. Magnetic
transition in strongly anisotropic itinerant electron systemsfields were applied only along theaxis of the samplelin
The experimental results are discussed in terms of thisnagnetic fields along the plane, the sample behaves Paul-
theory. paramagnetically with a susceptibility of 0.0044/U)/T

and no metamagnetic transition is observed in pulsed mag-

netic fields up to 42 .
Il. EXPERIMENTAL DETAILS

A single crystal of UCoAl was grown with the Czochral- lIl. EXPERIMENTAL RESULTS
ski method from the melt of stoichiometric amounts of the
constituent elementsU of 99.95% purity, Co of 99.99%
purity, and Al of 99.9999% purityin a tetra-arc furnace. The
x-ray powder diffraction of the top and bottom parts of the

In order to examine the magnetic properties of the ground
state of stoichiometric UCoAIl, we measured the magnetiza-
tion curves along the axis at T=1.6 K for various pres-

R X : . sures. The results are shown in Fig. 1. The ground state is
crystal indicates that the crystal is of a single phase with th%aramagnetic in zero field. The metamagnetic transition is

i;ﬁI(,:A—I-gé%e63trrlrj10::(raei.nTrlﬁ)(;a;“Criepr)r?(reiinvﬁ??eé/?éisp?ata found to be much sharper than the previous resSué This
—°90op g 9 b ‘indicates that the crystal has better quality. As shown in the

Two samples cut from the top and bottom parts were 1Eounﬁinset, the magnetization curve has hysteresis around the tran-

to have the same critical field of the metamagnetic tranSItlorIc,ition. This shows that the metamagnetic transition is first

Eééuzhlziégilc?ﬁis \t/gﬁ;hi;m?sle \fg;tﬂeﬁsﬁg Tgn}tosge'order.'The critipal field.of t.he transition i; defined as the field
compositio® The residual résistance ratio of the crystal at which th_e field derlvat_l\_/e Of. magnetlzatlcnﬁ\/l_/dB be-

- Co comes maximum. The critical field increases with pressure,
measured isR(290 K)/R(4.2 K)=20, which is larger than . . .
those of UCo0AI single crystals grown previously by a modi- in agreement with previous data.
f ; o 3-58 ia: The average critical fiel@, for T=1.6 K is plotted as a
ied Bridgman methodlR(290 K)/R(4.2 K)=3]. This re- . I :
sult suggests that the single crystal used in this study hafunchon of pressure in Fig. 2. The value B increases
b ; o ﬁearly linearly forP<1 GPa and is written as
etter quality. The shape of the sample for the magnetization
measurements under pressure is nearly cubic with a size B.(P)=B,(0)+kP (1)
~1.8 mn? and a weight 63 mg. ¢ ¢ '

The UCoAIl sample was compressed in a Teflon capsulavhere B.(0) is the critical field at ambient pressure. The
filled with a liquid pressure medium, mixture of two types of coefficientk is given by 2.62 T/GPa @=1.6 K. This value
Fluorinert (FC 70:FC 7#1:1), in a nonmagnetic high- is very close to that of 2.7 T/GPa forg{C; oAl o5 deter-
pressure clamp cell made of a Ti-Cu alloy. The pressurenined atT=4.2 K8
produced in the sample at low temperatures was calibrated The temperature dependences of the magnetization curve
by measuring the Meissner effect of Pb, for which the presof UCoAI at ambient pressure andRt1.2 GPa are shown
sure dependence of the superconducting transition temperae Fig. 3. The observed metamagnetic transition is very sharp
ture is known to high accuracy. The maximum pressure waat low temperatures, the slogd1/dB is close to the demag-
1.2 GPa. The total magnetization of the sample and the sunetization factor of the sample. With increasing temperature,
rounding high pressure cell was measured with arthe transition broadens slowly far<10 K and rapidly for
extraction-type magnetometer in magnetic fields up to 9 TT>10 K.
produced by a superconducting magnet. Although the mag- The difference between the critical fields determined at
netization of the high pressure cell was extremely small, itambient pressure in increasing and decreasing fieBs is
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FIG. 2. Pressure dependence of the critical field of the metamag-
netic transitionB, at T=1.6 K. The solid line represents a linear
fitting in the pressure range 0—0.8 GPa. The arrow indicates the
critical pressure for the onset of ferromagnetism.
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plotted as a function of temperature in Figay The value of Temperature (K)

AB, decreases with increasing temperature and vanishes at a

critical temperaturd ,. This temperature is considered as the  FIG. 4. Width of hysteresis of the metamagnetic transitidsy

temperature at which the first-order metamagnetic transitiof® and the slope of the magnetization cud#!/dB at B=B, (b)

disappears. Figure(d) shows the value ofiM/dB at the @S functions of temperature at ambient pressure. Lines are guides

critical field as a function of temperature at ambient pressurd®" the eyes.

Sharp decrease adM/dB reflects the broadening of the

metamagnetic transition around the temperature whdg The average critical fielB. of UCoAI is plotted as a

becomes zero. function of the square of temperature for different pressures
We measured the temperature dependence of the magne-Fig. 6. The critical field increases nearly linearly wilR

tization curve at various pressures and determined the criticpr all the pressures. Such behaviorBf has already been

temperatureT, as a function of pressure to make the mag-found in Co-based itinerant metamagnets, Laves phase

netic phase diagram in the-T plane. Figure 5 shows the compounds$;'®*® and CdS;_,Seg),.' In polycrystalline

phase diagram. The UCoAl compound is paramagnetic in theamples of UCp_,Ni,Al solid solutions?'°this behavior is

entire region and the metamagnetic transition appears in th@lso observed. However, the value Bf determined for

region below theT, line. The value ofT, decreases slightly UCo, _«Ni,Al is not accurate because the metamagnetic tran-

with increasing pressure. sition becomes very broad in these polycrystals.

The temperature dependence of the susceptibjlitgea-

05 sured atB=0.02 T is shown for various pressures in Fig. 7.
=) 04 i With increasing temperature, the susceptibility for all the
2 pressures increases, reaches a maximum value=ak,,y
g 03 . and then decreases. The temperature dependencis okry
‘§ similar to that of Co-based itinerant metamagrietéie sus-
B 0.2 4
=]
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FIG. 3. Magnetization curves of UC0AI for ambient pressiae FIG. 5. Magnetic phase diagram of UCo0AI in tieT plane.

and forP=1.2 GPa(b) at various temperatures. The metamagnetic transition appears only belowThdine.
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FIG. 6. Average critical fieldB. of UCOAI as a function of FIG. 8. Critical field of the metamagnetic transitiBn at 1.6 K
squared temperature for various pressures. as a function of the temperature of the susceptibility maxiniig,

at various pressures.
ceptibility maximum is remarkably suppressed in UCoAI by
the application of pressure. This behavior is also found in thgharp and shifts systematically with pressure and tempera-
Laves phase compounds (@p; _,Ga,),.? The value ofT,,,,  ture. The magnetization curve for an itinerant metamagnet
is plotted as a function of pressure on the magnetic phasean be described in the ground state by the following mag-
diagram shown in Fig. 5. The temperatufg,,, increases netic equation of state:
gradually with pressure.

Sakakibaraet al! found a strong correlation between the B=aoM +boM3+coM®, 2
values ofB for T=0 K andT . in various kinds of itinerant  \yhereB is magnetic fieldM is the uniform magnetization,
metamagnets including heavy fermion systems. Rather googl,q a is the inverse susceptibility =0 K, a;= x(0)*.
proportionality ~ holds  between B, and Tnax for  Tne coefficientsa,, by, andc, are functions of the elec-
M(Co,Al), (M=Y, Lu) with B¢/Tma=(0.2520.05) T/K.  tonic density of states and its derivatives at the Fermi level.
Figure 8 shows the value @‘c for UCoA obser_ved atvari-  Here, we exprest and y in terms of ug/U (= ug/f.u.)
ous pressures as a function f.«. There exists a linear ang (45/U)/T, respectively. The metamagnetic transition
relation betweenB. and T,,. The estimated slope appears under the condition
dB./dT.=0.36 T/K is rather close to that for Co-based

metamagnets a,>0, by<0, cu>0, and 3/16aycy/b3<9/20,
©)
IV. DISCUSSION whereM (B) in Eq. (2) becomes a triple-valued function. In

the equilibrium condition, the metamagnetic transition oc-

) o curs at the critical fieldB., where the free energies of two
First, we try to analyze the magnetization process quantistates, that is the paramagnetic and ferromagnetic states, are

tatively since the metamagnetic transition observed in th%qual to each other. It should be noted that in UCoAI the

high-quality single-crystalline sample of UCoAI is very metamagnetic transition occurs only in magnetic fields along

thec axis. Therefore, we consider tHBandM in Eq. (2) are

A. Analyses of the magnetization curves

0.10 ' ' : " the z component of magnetic field and that of the magneti-
UCoAl  —o—0GPa ] zation, respectively. In principle, we can estimate the values
0.08 - —o—02GPa of ay, by, andcg by fitting the curve calculated from E(R)
—A—0.4 GPa - . H
——060ra | to the measured magnetization curve. However, since the
o 006k —o—08GPa | high-field susceptibility of UCoAI is large and the magneti-
= T*—12GPa zation has no tendency to saturate after the metamagnetic
Qm ] transition, we must take into account an additional paramag-
S 0.04F T netic contribution. This contribution may originate from the
= polarization of conducting electrons or quantum spin fluctua-
0.02F _ tions. The estimated value of the additional paramagnetic
susceptibility isyo=0.011 (ug/U)/T, independent of tem-
0.00 . . perature and pressure. This value is in reasonable agreement

0 20 40 60 with the high-field susceptibility of paramagnetic
UCoyoTo4Al (T=Ni or Pd), which shows no metamagnetic
transition®® Since the coefficiena, in Eq. (2) is the inverse

FIG. 7. Temperature dependence of the susceptibjitpf  Susceptibility aff=0 K, we can directly estimate the value of
UCoAI along thec axis measured in a magnetic field of 0.02 T at &g from the initial slope of the magnetization curve and the
different pressures. value of yq:

Temperature (K)
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aocolbgs 3/16 although the Stoner conditioag<0) is not
satisfied. Using the values afc, /b3 for T=1.6 K evaluated
. at various pressures, we can estimate the critical pressure for
the onset of ferromagnetism from the conditia@co/bg
. =3/16. The estimated critical pressureRs=—0.25 GPa
(Fig. 10. The critical pressure can be evaluated also from the
pressure dependence of the average critical field for the
metamagnetic transitioB. at T=1.6 K. The value ofB,
decreases with decreasing pressure and becomes zero at
P=-0.25 GPa, as shown in Fig.[2and Eq.(1)]. This sug-
gests that the critical pressure B=—0.25 GPa. The in-
crease in the transition field originates from the increase in
the 5f-3d hybridization due to the application of high pres-
sure. The values of the volume compressibility of several
FIG. 9. Magnetization curves of UCoAI for different pressures UTX compounds are reported to be=(0.8-1.05)
at 1.6 K (open symbolstogether with the best fitted curves using X 10~2/GPa at room temperatuféTherefore, if the volume
Eg. (2) (solid lines. of UCOAI is increased 0.25%, this compound will become
ferromagnetic. Recently, we made solid solutions of
0= (Xexp~ X0) (4)  Ui<Y<CoAl and measured the magnetic properffesVe
found that the ferromagnetic state appearx=a0.06. The
where .y, is the susceptibility determined from the initial substitution of nonmagnetic Y for U leads to the volume
slope at 1.6 K. We selected the best fitted magnetizatioexpansion with a rate of 4.5%/indicating that the volume
curve by changing the values of the two paramelgrsind  expansion is 0.3% at the appearance of ferromagnetism. This
Co. In this process, we made the calculated critical field equals consistent with the estimated volume of UCoAI at the
to the average one determined experimentBUy Figure 9 onset of ferromagnetism in this Study_
shows the calculated magnetization curves for variou; pres- At the “upper” critical pressure for the disappearance of
sures. They reproduce well the expenmgr?tal magnetizatiof,q metamagnetic transition, the conditiad;colbézglzo is
curves of UCOAI. The values of the coefficies§, by, and satisfied. Because the pressure dependenceaoog/bg

Co are plotted as a function of pressure in Fig. 10. R . . .
As already described, the metamagnetic transition appea?‘shOWn in Fig. 10 is essentially nonlinear and the value of

2 . . .
under the condition of Eq?) in the ground state. A ferro- a,Co /b tends to saturate at high pressures, the estimation of

magnetic state appears foa,>0, by<0, c,>0, and th_e critical pressure is very difficult. The.rea_l crit.ical pressure
will be considerably high. The magnetization jumAgM at

250 - 0 the transition decreases gradually with press(Fg. 1).

B

Magnetization (u_/U)

10
Magnetic Field (T)

From the extrapolation of the value &fM(P) to AM=0,
o~ rf: we can roughly evaluate the critical pressure tdPber GPa.
5200 i 13 2 This value is considerably larger than 2.4 GPa reported
I = previously® indicating a large uncertainty in such an estima-
150 F 16 & tion. Nevertheless, just 10% substitution of Ni for Co in
:o = UCOoAI suppresses the metamagnetic transition in spite of the
100k 1o - lattice expansioR? The suppression of the transition origi-
nates from the change in the stronfy 8d hybridization pro-
| ~ duced by the substitution of Ni.
50 — — -12 Next we analyze the magnetization curves for ambient
R————— 7023 pressure measured at different temperatures between 1.6 and
10 i ./ ] 022 10 K. At a finite temperaturd, the coefficientsa,, by, and
o , S 1 Cp in Eq. (3) are changed inta(T), b(T), andc(T). We
’E? 8 ac/b; 4021 performed the same fitting procedure to estimate the values
= | — 1 e of a(T), b(t), andc(T). Figure 11 shows the values as a
= or 1020 T function of temperature. The absolute values of all the coef-
b 4 [ <, i 0.19 Sl ficients decrease with increasing temperature. At the critical
Z 1" -~ ] temperature for the disappearance of the metamagnetic tran-
W7ol 40.18 sition T=T,, the relatiora(T)c(T)/b(T)?=9/20 is satisfied.
o T 0.17 The value ofa(T)c(T)/b(T)? for ambient pressure increases
04 00 0.4 0.8 12 1.6 with temperature(Fig. 11) and can be fitted well with an
Pressure (GPa) exponential function. The extrapolation of the function gives

the value ofTy, Ty=16 K. This value is consistent with the
FIG. 10. Pressure variations of the Landau expansion coefficritical temperature evaluated from the disappearance of hys-
cientsay, by, Co, and the value ofioco/b3 at 1.6 K. The closed teresis of the magnetization curv@y&=13 K, as shown in
square corresponds to the onset of ferromagnettsa Fig. 2 Fig. 4.
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0 2 4 6 8 10 12 The temperature dependence of the inverse paramagnetic
Temperature (K) susceptibility is given by
FIG. 11. Temperature dependence of the Landau expansion co- x(T)"t=a(T)=ag+by(3+2a)Q(T)
fficients a(T), b(T), c(T), and a(T)b(T)/c(T)? at ambient
3@2’5&2 a(T), b(T), ¢(T), and a(T)b(T)/c(T)" at ambien +co(15+ 120+ 8a2)Q(T)2% (11)

N _ N _ Under the conditionay>0, by<0, co>0, and ayCcy/bj
B. Theory of the. |t|nergnt metamagnetlc transition and its >(3+2a)2/[4(15+ 12a+8a2)], the susceptibility x(T)
comparison with the experimental results increases and then decreases through a broad maximum at a
A theory of the itinerant metamagnetic transition based orcharacteristic temperatui,,, with increasing temperature.
the spin-fluctuation model has been developed for isotropidf the magnetic system exhibits the metamagnetic transition,
magnetic systems by YamadfaHowever, the metamagnetic this condition is satisfied. The UCoAl compound shows the
transition observed in UCoAl occurs only in magnetic fieldstransition in the pressure regionslP<1.2 GPa, where the
along thec axis. Therefore, we generalize this theory to thesusceptibility has a broad maximuffig. 7), consistent with
case of uniaxial anisotropic systems. At a finite temperaturghe theoretical result. The maximum g{T) is given by the
T, the coefficients,, bg, andcy in Eq. (12) are renormal-  relationdy(T) ~*/9Q(T)=0 and we get
ized by thermal spin fluctuations and the magnetic equation
of state is given by lbo|  3+2a

QTmad = 3¢, 16+ 12a+8a2" (12
B=a(T)M+b(T)M3+c(T)M?, (5)
. . - by (3+2a)?
where the coefficienta(T), b(T), andc(T) are functions X(Trmad 1=a(Tha) =80— o ~——m———. (13
of ay, by, Co, and the thermal average of fluctuating mag- 4Co 15+ 120+ 8
netic momen((&mi)2>.15 The suffixi means the component
of the moment. The thermal average is a function of tem- B(Tomad = Dol 4a(1-a) (14)
. —Z.
perature and depends on the component. We intro@{dg ma 015+ 120+ 8a

and « defined b
y In order to estimate the anisotropy parameterfor

((6m)A=Q(T), (6)  UCOAI, we measured the temperature dependence of the sus-
ceptibility along thea axis at ambient pressure, as shown in
((8m,))=aQ(T) ) Fig. 12. The susceptibility in the basal plane is smaller than

that along thec axis and decreases gradually with increasing
wherea is the parameter to represent the uniaxial anisotropyemperature. Moreover, the magnetization increases linearly
of the spin fluctuationgO<a<1). Considering the aniso- with increasing magnetic field and no metamagnetic transi-
tropic fluctuations given by Eq$6) and(7), the expressions tion occurs in magnetic fields up to 42 T. These results indi-
for a(T), b(T), andc(T) given in Ref. 15 can be rewritten cate that the spin fluctuations in UCoAIl are very anisotropic

as and the anisotropy parametelis nearly zero. Therefore, we
assumex=0 for UCoAI.
a(T)=ay+bg(3+2a)Q(T)+co(15+ 12+ 8a?)Q(T)?, The mean-square amplitude of thermally fluctuating mo-

ment is given by



PRB 59 MAGNETIC PROPERTIES OF THEfATINERANT . .. 6883

4 M T T T 80 T T M T T
a oy UCoAl
2 4 ; 60 F i
£ S
« =
= 7 < 40f 1
& i |
& B~ experimental
- EE— = lculated -
ﬁ 20 o} calculate:

‘.
0 n L ] 1 1 0 N 1 1 n 1
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
Pressure (GPa) Pressure (GPa)

FIG. 13. Pressure dependence of the mean square amplitude of

fluctuating moment(T)? divided by T2 estimated for UCOAI. FIG. 14. Valu_e of the inverse susceptibility of UCo_AI fd'r_ _
=Tmax @s a function of external pressure. The closed circles indi-

cate the experimental data and the open circles the values calculated
with the coefficients,, by, andcy derived from the magnetization
curves for 1.6 K.

E(T)?=((m)?)+2((6m, )% =(1+2a)Q(T). (15

Using Eq.(12), we can evaluate the thermal spin fluctuation

at T=T,.. In the case of strongly anisotropic syste L . .
~0), it igaéiven by gy anl pic systefas assumed implicitly that the higher-order terms than the fifth-

order termc(T)M® are negligibly small in the magnetic
b equation of state of UCoAlsee Eq(5)]. The observed tem-
To) 2= — = —. 16 perature dependence suggests that the higher-order terms are
g ma 10 c )
0 not negligible [If these terms are present, tb€T) estimated
At low temperaturest(T)? is proportional toT2.15 We as- using Eq.(5) is affected by them and shows a temperature
sume that this proportionality is valid up t6=T, in dependence. ,
UCoAl. Figure 13 shows the pressure dependence of 1N€ condfltlon for the appearancbe ofbthe rgebtamagljnetlc
_ ; ; transition at finite temperatures can be obtained by replacing
E(T)2T? [=&(Tma)?/ T2, obtained for UCoAI with Eq. : .
(16) and the experimental values ®f,.,. The pressure re- 3, bo, and Coz"." Eq. (3) with f(T)’ b(T), andc(T). If
duces the spin fluctuation in UCoAl. &=0 GPa, the value (T)c(T)/b(T)” is smaller thza.%’ the SVSte[,” becomes fer-
of &(T)2/T?is 3.5 1075 [(ug/U)?]. This value is about 6 romagnetic. Ifa(T)c(T)/b(T)~ is larger thans, on the other

times larger than that estimated at the same temperature f F‘nd' no metamagnetic transition occurs. From these _rela—
Co(S,_,S&),, in which both the temperaturd, ., and T, lons and Egs(9)—(11), we get th_e temperature for the dis-
are much highet.At T=15 K, the average amplitude of the appearance O.f the metgmagnetlc transitignfor strongly
thermally fluctuating moment reaches about /31U in anisotropic spin fluctuationgr=0)
UCOAL.

According to Eq.(13), x}(Tpma) can be estimated with T2=T23,(1— \E [@Co i) 17
the value ofay, by, andc, determined from the magnetiza- o m 3 b§ 20/
tion curve afT=1.6 K. Figure 14 shows the calculated values . ) ) o
of x (T a0 for various pressures, which are compared withThe ferromagzneusc state appearing in the vicinity of
the experimental One$=[xexp(Tmax)—Xo]_l} for UCoAl.  a(T)c(T)/b(T)“= 15 becomes unstable at the critical tem-

The experimental and theoretical values are consistent witR€ratureT,
each other. This gives an evidence of the applicability of the

spin-fluctuation theory to the strongly anisotropic itinerant T2-12 [1- \/@ /aoCo_ i (18)
metamagnet UCOAI. 1 Tma 3V b2 20

Equation(14) givesb(T,5,0=0 for @=0. SinceQ(T) is
an increasing function of temperatui®, is negative ana¢,  for a=0. The paramagnetic-to-ferromagnetic transitior at
is positive,b(T) is negative at low temperatures, increases= T is first order. The temperatufi can be evaluated from
with temperature as seen from H§) and becomes zero at Eq. (17) using the values of ,,, and aOCO/bS. The evalu-
T=Tmax- The value ofb(T) estimated from the magnetiza- ated value iS;=15.4 K at ambient pressure and increases to
tion curve of UCoAI at ambient pressure is negative at lowT,=20 K at P=1.2 GPa. These values are slightly larger
temperatures and increases with temperatgig. 11). The than the experimental values of=13 K determined from
value seems to become zero around the temperature at white extrapolation of the value kB, (T) to AB.(T)=0
the susceptibility becomes maximumrl (=20 K for  (Figs. 4 and % but very close to the estimation obtained
UCoAI), in good agreement with theory. Although the coef- from the extrapolation of the values at/b? to ac/b?= 55
ficient c(T) is temperature independent in theory, we found(Fig. 11). Equation(18) shows that the ferromagnetic state is
that thec(T) of UCo0AI has a strong temperature dependencainstable in UCoAl even in the ground state, in agreement
(Fig. 11). In the analysis of the magnetization curve, wewith the experimental fact that UCoAIl is a paramagnet.
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If the critical field of the metamagnetic transition is very This estimation givesAy=—5.5 mol'*K™2 at ambient

low, the magnetization in the paramagnetic stdteand that
in ferromagnetic stat®, are given from Eq(5) by

M,=B./a(T), (19
M,=My+B./{a(T)+3b(T)M3+5c(T)M3}, (20
|b(T)| [ a(T)c(T)
0= m 1+ 1—4W (22
at the critical field. Using the Maxwell relation
M2
J BdM=B(M;—My), (22
My
we obtain the relation for the critical field
My b(T)? 2
B.= ?( a(T)— 8C(T)[1+ V1—4a(T)c(T)/b(T)?];.
(23
Substituting Eqs(8)—(10) into Eq. (23), we get
3 by 3b§132b .
=2V 3g, ao—EC—OJF Z( —2a)|bo|Q(T)
(24

in the first order approximation @&(T). SinceQ(T) is pro-

portional to T? at low temperature and the coefficient of
Q(T) is positive, the value dB.(T) increases with tempera-
ture asT?, in agreement with the experiment results, as.

shown in Fig. 6.

Finally, we discuss the change in thevalue of the elec-
tronic specific heat due to the metamagnetic transition. Th
specific heat measurements of polycrystalline UCoAl indi-

cate that they-value changes from 70 mJ mdlK ~2 in zero

field to 62 mJmol*K =2 at 5 T4 We try to estimate the
reduction of the value from the temperature dependence
the critical field and the change of the magnetization at the

critical field AM using the relatioh

Ay=—-2BAM, (295
where the coefficienB is defined by
Bo(T)=B(0)+ BT (26)

pressure, consistent with the specific heat measurements. We
found that the absolute value dfy decreases nearly linear
with increasing pressure. AP=1.2 GPa, we havedy
=—2.7 mImol'K 2 These results also suggest that the
spin fluctuation in UCo0AI are suppressed by the application
of high pressure. The reduction of thevalue is only less
than 10% and is much smaller than that in the typicdl 3
itinerant metamagnet YG3

V. CONCLUSION

The UCoAl compound has the paramagnetic ground state
and exhibits a metamagnetic transition to the ferromagnetic
state with a magnetic momem =0.3ug/U at a critical
field of B.=0.65 T applied along the axis. We determined
the magnetic phase diagram in tReT plane. The metamag-
netic transition for ambient pressure disappears at a critical
temperatureTy=13 K. The value ofT, decreases slightly
with increasing pressure. The application of high pressure
increases the critical field with a rate 2.6 T/GPa in the
ground state. The temperature dependence of the susceptibil-
ity shows a broad maximum at a temperattifg,=20 K at
ambient pressure. The temperatliig,, increases with pres-
sure. The critical field of UCoAI has a linear relation with
Tmax: Which is very similar to that found in Bitinerant
metamagnetic system$By fitting the magnetization curves,
we have determined the phenomenological Landau expan-
sion coefficients for different pressures and temperatures. We
have analyzed the experimental data using a theory of the
itinerant metamagnetic transition generalized for the case of
anisotropic thermal spin fluctuations. The observed pressure

gependence of the inverse susceptibilityTat,,, the tem-

peratureT, for the disappearance of the metamagnetic tran-
sition and the temperature dependenceBgfcan be ex-
plained by this theory with the Landau expansion

0cfoefﬁcients determined.
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