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Alloying and pressure-induced transitions between &-band metamagnetism and ferromagnetism
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Effects of external hydrostatic pressure up to 1.2 GPa and the Al-Ga alloying on the magnetism in
UCoAl,_,Ga, compounds have been studied. Ga substitutions for Al in UCoAl lead to gradual transformation
of a 5f-band metamagnetism towards ferromagnetifomx=0.2). The application of pressure yields reverse
effects clearly seen in compounds wikk:0.4. The spontaneous magnetizatjppand the Curie temperature
T of ferromagnetic compounds are gradually suppressed with increasing pressure. The vdllres-dtlp
andd In ug/dp slowly increase withx decreasing down to 0.4, whereas %31 0.4 an abrupt growth of pressure
parameters is observed with further lowering Ga content. This is a fingerprint of a pressure-induced collapse of
ferromagnetism and a simultaneous reentrance of the “UCoAl-type” metamagnetism in compounds with
lower Ga content X<0.3). The observed evolution of magnetism is discussed in terms of pressure and
alloying-induced variation of thefsligand hybridization that determines both the stability of the U magnetic
moment and the strength of U-U exchange interactif®8163-182¢09)01826-3

I. INTRODUCTION external pressure and to alloying. In both types the external
pressure leads to an increaseBfand T, (Refs. 2, 4, and
The itinerant electron metamagnetism, first predicted bys) driving the system towards Pauli paramagnetism. On the
Wohlfarth and Rhodésfor YCoy,, is one of the phenomena other hand, doping by suitable elements may lead to a de-
manifesting the intimate relationship between electroniccrease oB, andT ., and finally to a ferromagnetic instabil-
structure and magnetism in metals. It is observed in nearljty both in the YCg-type materiaéand UCoAl*
magnetic materials witd- or f-electron states forming a suf-  An interesting example of a continuous transformation of
ficiently narrow band aEg and in which spin-fluctuation a metamagnet towards a ferromagnet is represented by sub-
effects cause a maximum in the temperature dependence ¢fitutions of Ga for Al atoms in UCo0AIL All the
susceptibility aroundT ... When applying a sufficiently UCoAl,_,Ga, compounds possess the hexagonal ZrNiAl-
strong magnetic field on such a material at temperatures wefjpe crystal structure and the lattice parameters are only
below the susceptibility maximum, a first-order transition toweakly dependent on the Ga contéfitThe other terminal
the high-magnetization state can be observed. ;YiSoa  compound of the UC0AL ,Ga, system, UCoGa belowW
prominent example of an itinerantd2lectron metamagnet =47K is a simple ferromagnet wita U moment
in which a metamagpnetic transition at 4.2 K has been found=0.63u5/f.u. (Refs. 9 and 10 Owing to a strong uniaxial
experimentally in magnetic fields arourB,=69T.? The  anisotropy, the U magnetic moments in both terminal com-
necessary conditions for the appearance of metamagnetisppunds(in ordered stateand presumably also in their solid
have been theoretically studied by Yamdda. solutions are aligned along tleaxis. Besides these consid-
UCoAl is apparently an itinerantfselectron metamagnet, erable U moments, an order of magnitude smaller moments
which, besides numerous analogies to YyCexhibits also detected on Co atorfiscan be attributed to polarization of
some strikingly different featuré's First, the very low criti-  the 3d states due to thef53d hybridization.
cal field for metamagnetism in UCoAB(=0.7T) is two When Ga atoms are substituted on Al sites in UCo0AI, a
orders of magnitude lower than in Y@&oAnother fundamen- spontaneous magnetization connected with the onset of fer-
tal difference consists in the strong uniaxial anisotropy of theomagnetism is indicated already for low valuesxah the
metamagnetism in UCoAI, which is not at all observed inUCoAl,_,Ga, system’ In this initial regime of doping, how-
fields applied perpendicular to theaxis of its hexagonal ever, the spontaneous moment is very small and an addi-
structure, whereas thed3electron metamagnetism in Yo tional moment is induced through the metamagnetic transi-
and related compounds is isotropic. The latter feature ofion in low fields yielding above the transition a total value
UCoAl is a consequence of a strong spin-orbit interaction obf ~0.3 ug/f.u. The gradual stabilization of ferromagnetism
5f states and the anisotropic two-ion-exchange interactionp to a stage without any additional metamagnetic transition,
mediated by the Bligand hybridization in U compounds.  which occurs ak=0.20, is accompanied by reduction of the
The metamagnetism in both thel 3ystems of the YCp  electronic specific-heat coefficiegtby approximately 209%.
type and the $-electron representative UCO0AI is sensitive to A comparable reduction of is accompanying the metamag-
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netic transition in UCoAL? In both cases this effect can be
attributed to the suppression of fnoment fluctuations. The
second drop of the value, which takes place between com-
pounds withx=0.6 and 0.7, is not reflected in the concen- o
tration development of magnetic parameters that is smooth " 'CG- 2. Magnetization isotherms at 4.2 K of the UCoAIGa,
inbetween the two Compositioﬁs. compounds measured on isotropic polycrystals at different external

In the present paper, we report on the study of pressurg o> o>

influence on magnetic parameters of the UGoAG3, solid was calibrated by measuring the Meissner effect of Pb, for

solutions within the concentration range where they exhibit ' .
stable ferromagnetism in ambient pressure €2 1.0). which the pressure dependence of the superconducting tran

sition temperature is known to high accuracy.

B (T)

Il. EXPERIMENTAL DETAILS Ill. RESULTS AND DISCUSSION

The UCoA} _,Ga, alloys have been obtained by melting  In Fig. 2 we present a pressure-induced evolution of mag-
the corresponding amounts of the elementary médfalsity  netization isotherms at 4.2 K for all studied compounds. One
of U 99.9% and better for other metalm an arc furnace can see that ferromagnetism in compounds with0.20 and
with protective Ar atmosphere. The ingatsf ~2 g masg  0.30 is easily destabilized in available pressures. The process
were turned several times and remelted to assure good heoensists of a gradual suppression of the spontaneous moment
mogeneity. Then they were wrapped into a Ta foil and anaccompanied by recovery of ttf&shape(UCoAl-like type)
nealed at 700 °C for 1 week. The phase composition of thef a magnetization curve, which manifests the pressure-
alloys and their lattice parameters were determined by a stainduced reentrant metamagnets. Magnetization curves for
dard x-ray diffraction. The concentration dependence of lattUCoAl, gfGa, .o and UCoA} 7dGa 30 Samples at 4.2 K mea-
tice parameters is shown in Fig. 1. sured at elevated pressures are shown in Fig. 3 in comparison

The magnetization as a function of magnetic figld to 9 with the ambient pressur®l vs B curves of UCo0AIl. The
T) and temperaturén the 4.2—60 K intervalwas measured interplay of opposite pressure and alloying effects in this
with an extraction-type magnetometer with a superconductsystem is well documented by the coincidikvs B curves
ing magnet. For the pressure study, samples of approxfor UCoAly gdGay 20 and UC0A} ;dGay 30 Samples measured
mately 50 mg consisting of smaltypical linear dimensions at 0.8 and 1.2 GPa, respectively. This means that in these
of 0.2—-0.5 mm randomly oriented pieces were compressedconcentrations and pressures the increase of the Ga concen-
in Teflon capsules filled with a liquid-pressure-transmittingtration by 0.1 yields an effect that can be roughly compen-
medium, a mixture of two types of Fluorinert (CF70:CF77 sated by the increase of the pressure by 0.4 GPa.
=1:1). Such a Teflon capsule was placed in a high-pressure In this context it is worth mentioning that ferromagnetism
clamp cell made of a Ti-Cu alloy, which has very low mag- can also be induced by UCoAI by initial dilution of the U
netic susceptibility. Nevertheless, the measured data wersublattice with Y. In this case, the onset of ferromagnetism
corrected for the pressure-cell signal. The hydrostatic presnay be attributed to the observed clear lattice exparision,
sure up to 1.2 GPa applied on the sample at low temperatureghich is, however, not the case of Ga substitutions for Al
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FIG. 4. Temperature dependencies of magnetization in a field of

t?gt 'IAelad Geven tct) SII?:ht Slh”%‘f"ge of th(tah utn!t ?ﬁ” Imtttheo.z T of the UCoA] _,Ga, compounds measured on isotropic poly-
OAl _Gg, system(Fig. 1). This means that in the latter i o different external pressures.

compounds a considerable variation of electronic structure
rather than the lattice-volume effect should be considered as
the mechanisms responsible for the onset of ferromagnetisngon. Note that for a UCoAI single crystal we observe a clear
This apparently points to the different roles of the maximum on thex(T) curve measured in fields along toe
5f(U)-3p(Al) and 5f(U)-4p(Ga) hybridization, respec- axis (inset of Fig. 5, whereas only a monotonous Curie-
tively. Weiss—like(with large negative® ;) behavior is characteris-
Excursion to higher Ga concentrations reveals considertic for the susceptibility in fields applied within the basal
ably less spectacular pressure effects, although some modilane. On a polycrystalline sample then a superposition of
fication of the magnetization curve towards a reentrant metahese two temperature dependencies of the susceptibility is
magnetism is still seen on the magnetization curve forexpected, yielding a bump on an otherwise hyperbg(i€)
UCO0AIly 6dGay 40in 1.2 GPa. This suggests a collapse of fer-dependence. This bump is gradually suppressed and shifted
romagnetism also in this material at pressures higher thai® lower temperatures. The close relation between the low-
available in the present experiment. temperature metamagnetism in external fields and maximum
Similar to the pressure-induced evolution of the 4.2-Kon the x(T) curve is predicted by theohand it is demon-
magnetization curves, the pressure effects on temperature deirated also by the UCoAI case, in which anisotropic spin
pendencies of the low-field magnetizati¢fig. 4) are dra- fluctuations should be considered in the theoretical
matic in compounds with lower Ga contents, whereas foapproacl?. This feature of they(T) curve reappears also in
concentrations=0.40 only gradual reduction of the magne- UC0Alg gdG8 20 and UCoA)}, 71§58 30 under a sufficient pres-
tization and the Curie temperature is observed. In cases @ure at which we also observe reentrant metamagnékgm
UCO0AIj gdGay 20 and UC0A} ;(Gay 3, One again can see the 3). The strong low-temperature upturn in th€T) depen-
collapse of ferromagnetism in pressures above 0.8 and 1@ence(Fig. 5 reflects a small ferromagnetic contribution
GPa, respectively, whereas the development fogradually suppressed with increasing pressure. The upturn is
UCO0Al; 6Ga 40 between 0.8 and 1.2 GPa indicates that wealmost completely removed in UCofyfGay o at 1.2 GPa
can observe the loss of ferromagnetism if pressures abowand they(T) curve becomes qualitatively similar to that of a
1.2 GPa were available at our experiments. The fact that the CoAl single crystal(see the inset in Fig.)5
pressure-induced low-temperature state in UGgfSa oo Pressure dependencies of the spontaneous magnetic mo-
and UCoA}, ;{3a, 50 is a state of the UCoAI type is docu- mentug and the Curie temperatuiie. in UCoAl,_,Ga, are
mented by the detailed plots in Fig. 5 together with &) presented in Fig. 6. Supposing that the strong uniaxial an-
curve measured on UCoAI at ambient pressure, for comparisotropy of parent compounds persists over the whole
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FIG. 5. Temperature dependencies of magnetic susceptibility of
UCO0AIly gfGay 20 and UC0A} 7dGa 30 at high pressure in compari-
son with the ambient-pressure behavior of UCoAI. The inset shows
results for the UCoAI single crystal along thexis at ambient and
high pressuréRef. 5.
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UCoAl, _,Ga, system, we have calculated the valuesugf FIG. 6. Pressure dependencies of spontaneous magnetic moment
displayed in Fig. 6 and shown in Table | by multiplying the xg and Curie temperaturé: in UCoAl, _,Ga,. Note that the val-
values obtained from random-powder samples by a factor afes of us are found by multiplying the values obtained from
2. The displayed data thus represent hypothetical valuesandom-powder samples by a factor of 2 and correspond to those of
which would be measured along the easy magnetization axgingle crystals measured along thexis.
on a single crystal. The value;=0.62ug obtained in this
way for UCoGa is in very good agreement with real single-x>0.4 and nonlinear for lower Ga content. The data pre-
crystal data&;'® which justifies our procedure. Owing to a sented in Fig. 7 correspond to linear approximations of the
nonconventional temperature dependence of the magnetiow-pressure parts of thes vs p andT¢ vs p plots. In this
moment for compounds witk<0.4 under pressurg-ig. 4, figure we show also pressure derivatives of magnetic mo-
the appropriate values dfc are determined with a larger mentdu/dp andd In w/dp in afield of 8 T. For UC0AI, the
error (up to +4 K, see Fig. §than usual+0.5 K). results obtained on a single crystal along thexis are

The concentration dependencies of pressure derivatives @fcluded. One can see a drastic difference between the pres-
absolute(dus/dp andd T /dp) and relative(d In us/dpand  sure behavior of the spontaneous and the field-induced mo-
dInTc/dp) values of the spontaneous moment and the Curienent for x<0.4. Whereas the spontaneous moment in this
temperature are displayed in Fig. 7. As can be seen in Fig. @oncentration range is extremely sensitive to the external
the pressure dependencies of bpthand T are linear for  pressure, the field-induced moment is much more stable. Its

TABLE I. Curie temperature, spontaneous moment, and relevant pressure coefficients for, UGaAI
in comparison with some other ferromagneti® X)compoundgRef. 16.

Te(0)  dTe/dp  dinTeldp  po(4.2K) duo/dp dn po/dp
Compound (K) (KGPaY) (GPah (g /f.u.) (ug GPa?) (GPa'})
UCO0Al, sGay » 18 ~16 ~0.86 0.285 ~05 ~1.8
UCO0Al, (Ga 4 27 -8.3 ~0.30 0.35 ~0.075 —0.21
UCOAl,Gay 6 34 —6.1 ~0.18 0.43 —0.07 ~0.16
UCoGa 48 -3.2 —0.066 0.62 —-0.04 —0.06
URuUSN 55 —-3.4 —0.062 1.1

URhAI 28 -0.3 —-0.01 0.94
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UCoAl,_Ga, magnetic moment itself, but probably mainly to strong sup-
0.8 — 20 pressic_m of coupling between the moments that is reflected in
- very high values ofl In Tc/dp (see Table)l
O A A dTg/dp < The obtained pressure coefficientdIn Tc/dp (and
o 06 115 8 d In ug/dp) for UCoAl, {Ga,, are not only very high com-
Om L ".. —@— dp/dp o pared to the other ferromagnetic UCQA}|Ga, compounds,
3 04l \ —o— du@Tydp | 10 X but they are also more than an order of _mag_pitude larger than
o \ A | 2 observed for the so far considered typical itinerahtebec-
3 \ A < tron ferromagnet UNi**1®
S 021 ® A 15 '.; To our surprise, we did not find any special feature in the
° L*’O—O—\‘Q’ﬂho—o\ A ' concentration dependence of pressure derivatives of the mag-
0.0 T SR S "\"\“00 netization in the vicinity ofx=0.60-0.70, where a pro-
2.0 — nounced drop in the electronic specific-heat coefficignt
T ' occurs?
o ® | Results of this study demonstrate evolution of magnetism
2 16} \ - dlinTe)dp 4 in the UCoAl,_,Ga, compounds, in which ferromagnetism
'.g \\ —@— d(Inp)/dp has b_e_en achieved by appropriate Ga do_ping. Application of
< 12+ \ _ a sufficient ext_ernal hydrostatic pressure in lower Ga-content
= \ —O— d(Inp(8T))/dp | compoupds ylelds reappearance of the UCoAl-type meta-
5 08 L A\ magnetism with main attributes of band metamagnets pre-
e ) T dicted by theory(the mutually relate@® shape of the magne-
= ¢ : tization curve and maximum in the temperature dependence
2 04l N i of the susceptibility.>° These results point to the sensitivity
£ i \‘*\ | of principal magnetic parameters of UCoAl-based com-
° o_oat_‘——g_@__q__l\_‘"':&-_z;h‘;\_b : pounds to interatomic-distance variation involving both the

size of U magnetic moments and exchange interactions. Lack
of knowledge about the linear compressibilities of these
Ga content x compounds prevents us, however, from making more spe-
cific conclusions in this problem. Studies of pressure effects
FIG. 7. Concentration dependencies of pressure derivatives @n lattice parameters in these materials are highly desirable.
absolute(dT./dp, dugs/dp, anddu/dp) and relative(d In T /dp,
dIn ug/dp, andd In w/dp) values of Curie temperature, spontaneous ACKNOWLEDGMENTS
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