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Magnetovolume effects and thep-T magnetic phase diagram of UNjSi,
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The thermal expansion of single-crystalline USli, along thea andc axes has been measured with high
accuracy. The linear thermal expansion is found to be highly anisotropic and to show a spontaneous magne-
tostriction. In the ground state, the spontaneous volume magnetostriction reach@s* The lattice volume
changes abruptly af;=43 K andT,=103 K, where UNjSi, undergoes the magnetic phase transitions.
When increasing temperature, a considerable volume expansion (by13.6 m®mol™!) at T, and tiny
shrinkage(by 6.5< 10 *° m®*mol~ 1) at T, have been observed. On the other hand, no apparent volume effect
is observed around the magnetic ordering temperdiyrel24 K. Thermal expansion data are analyzed using
thermodynamic relations in order to elucidate the previously published pressure dependences of temperatures
of magnetic phase transitiols, T,, andTy.
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[. INTRODUCTION amounts to 1/3 of the uranium moment. The magnetic phase
transitions atT,, T,, and Ty are accompanied by distinct

UNi,Si, crystallizes in the tetragonal Th{Si,-type anomalies in the temperature dependence of electrical resis-
structure shown in Fig. 1, which consists of basal-plane laytivity and thermal expansioh®
ers of U atoms alternating with Si-NBi slabs along the From neutron-diffraction experiments a magnitude of the
axis! The lattice parameters ar@=3.99 A and c
=9.53 A at room temperature. The distance between the u
nearest U neighbors id,,=a=3.99 A. The tetragonal
crystal symmetry and the anisotropic layout of ligands of the u
U atoms are expected to cause anisotropy of electronic prop-
erties.

Below Ty=124 K, this compound exhibits magnetic or- G &
der, which is characterized by several magnetic phases con- Ni ﬁ%
secutively appearing with decreasing temperatufke first Si £.
ordered phase that is stable down to 103 K is an incommen- si e
surate longitudinal spin-density wavdLSDW). At T, S
=103 K, UNi,Si, undergoes a magnetic phase transition to U
a simple body-centered tetragonal antiferromagnetic struc-
ture (AF-1). Finally, belowT;=53 K (T;~43 K in Ref. 3
it exhibits an uncompensated antiferromagnétiéF) struc- Si
ture withq=(0,0,2/3)? The value ofT, is somewhat sample \
dependent, which may be connected with stoichiometry
variations. For the crystal used in our studly=43 K.4~%In
all three magnetically ordered phases, the momently the Si
U atoms carry detectable magnetic momgrgee aligned
along thec axis and coupled ferromagnetically within the 2 u
basal plane. The coupling along tleeaxis determines the u U .
type of a magnetically ordered state; e.g., the — + -)
coupling defines the AF-I phase whereas the UAF phase is
characterized by thé+ + —) coupling. The latter phase is FIG. 1. A schematic picture of the crystal structure of
then characterized by a spontaneous magnetic moment thani,Si,.
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U magnetic moment of 2.2ug has been determined in the V77—
ground-state phase. In this view, USi, has been classified UNi,Si,

as a material with rather well-localized ®lectrons’ How- I
ever,c-axis magnetization data obtained on the same crystal
as used in our study point to a considerably lower value of
1.6 ug than that given in Ref. 2.

Electrical resistivity studies of UNSi, exerted to an ex-
ternal hydrostatic pressure revealed that the value of
T, (T,) becomes strongly increase@veakly decreased
whereasT seems to be pressure invaridfi As a result of
pressure effects oi; andT,, the temperature range of the
stability of AF-I is narrowing and vanishes above 3.2 GPa.
To discuss these phenomena from a thermodynamic point of
view, highly accurate thermal expansion data of LB at
ambient pressure were strongly desired. Therefore, we mea-
sured the precise thermal expansion and estimated the spon-
taneous magnetostriction on a single crystal alongathed . . . . .
C axes. 0 40 80 120 160 200 240

In our previous paper,we estimated the spontaneous T(K)
magnetostriction using a slightly higher Debye temperature
®,=370 K available from specific-heat measurement data FIG. 2. The linear thermal expansion of USi, along thea and
in Ref. 10. In the present paper, we use recently obtained axes at ambient pressure for heating process. The dotted lines
0p=283 K which can explain the paramagnetic part of represent the phonon contribution to the thermal expansion esti-
the thermal expansion much better. mated using the Debye temperature valig=283 K.

(-E)D=283K

AL/L (107

ture is shown in Fig. 2. Due to technical difficulties, we only
Il. EXPERIMENTAL PROCEDURE are able to measure thermal expansion on the heating pro-

The sample used for our experiment has been cut by spaf€ss. It is _clearly'seen that the linear thermal expansion is
erosion from the same single crystal of YBi, as reported ~Strongly anisotropic and shows several distinct anomalies ac-
in Refs. 4—6. The crystal was grown by means of the tri-arc©0mpanying the magnetic phase transitions, which is consis-
Czochralski technique. The linear thermal expansion alongent with previously published thermal expansion results
the a andc axes was measured simultaneously by two strairRlong thec axis® With increasing temperature, the lattice
gauges, having a resistance of @28ach(type KFL-02-120- ~ expands along tha axis discontinuously af;, (AL/L),
C1-11 made by the Kyowa Electric Institute, Japarhey ~ ~0.4X107%, and shrinks along the axis, (AL/L).~—-0.3
were glued by strain gauge ceméRIC-6 on the clean sur- X 10 %, On the other hand, a lattice shrinkage is observed
face of thea-c plane in UNiSk. In order to increase a along thea axis (~—0.3x 10" ) and expansion along the
measurement accuracy, we adopt the two gaagéve and ~ axis (=~0.4X 10" %) atT,. These results indicate the first or-
dummy) method. In this method, we use dummy material asder magnetic phase transitions &t and T,. The magnetic
a standard, whose strain with respect to the temperaturehase transition afy is accompanied only by a change of
(thermal expansionhas already known exactly. Here we slope of the AL/L); vs T curves, wheré =a,c, without
used a copper (99.999%) disk as a standard material. THghowing any discontinuity inXL/L);. Above Ty, the lat-
thermal expansion coefficient of copper at ambient pressuréice expands along tha axis with increasing temperature,
has been investigated in detail by Kroeger and Swef&on.While along thec axis it is nearly temperature independent.
We put them in the circular of a Wheatstone bridge with The volume thermal expansionAV/V=2(AL/L),
other two constant resistors (12Q). The signal related to +(AL/L). below 150 K is shown in Fig. 3solid line).
the difference between the relative change of the electricdPronounced anomalies are observed aandT,: at T4, the
resistance of strain gauges glued on the sample and dumnwplume increases discontinuously $y0.5x 10~ #, and afT,,
is amplified by a strain amplifieftype DPM-711B made by it decreases discontinuously=(-0.2x 10" *) with increas-
the Kyowa Electric Institute, Japan ing temperature. From these results it is found that the vol-

In such a way, these strain gauges provide data of theme of the AF-I phase is larger than that of the other phases
relative length change with an error smaller thanl UAF and ILSDW. Practically complete compensation of lin-
X 10 8. We used a gold-Chromel thermocouple as a therear strains along tha andc axes results in the absence of a

mometer. The experimental error of the temperature is lesgolume anomaly af .
than 0.1 K. The temperature dependence of the linear thermal expan-

sion coefficientsa;=d(AL/L);/dT at ambient pressure is
shown in Fig. 4. The linear thermal expansion coefficients
along thea and c axes are extremely anisotropia,=12
The relative length change\(L/L); (i=a,c) along thea  X10 ® K~ ! at room temperature, whereas is less than
andc axes, respectively, with respect to increasing temperaix 10 ® K~1. Sharp peaks reflecting the first-order mag-

Ill. RESULTS AND DISCUSSION
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FIG. 3. The volume thermal expansion of YNi, at ambient FIG. 5. Temperature dependence of lineag énd\ ;) and vol-
pressure for heating process. ume (ws) spontaneous magnetostrictions at ambient pressure.

netic phase transition are observed Tgt=43 K and T, ture®p=283 K, which has been derived from specific-heat

=103 K. These values are in good agreement with specificdata measured on the crystal used in the present Waik.

heat datd! At T,, a pronounced hysteresis behavior is foundshould be noticed that the previously used valGg

in the electrical resistivity along the axes®’ The value of =370 K taken from Ref. 10 seems to be overestimated. The

T, is also in good agreement with the averaged temperatur@ew value of® does not practically affect the extrapolation

of the resistivity anomaly between the cooling and heating?long thec axis, but leads to considerable corrections along

processes. It is suggested that thermal hysteresis in the thdhe a axis compared to Ref. bThe related differences be-

mal expansion is narrower than that in the resistivity alongween the measured and extrapolated values correspond to

the ¢ axis. The transition aly=124 K is of the second- the linear {, in the basal plane\ along thec axis) and the

order character, which is connected with a discontinuougolumews=2\,+ X\ spontaneous magnetostrictions that are

Change of the linear thermal expansion COEfﬁCiAma=4 dlsplayed in Flg 5 as functions of temperature. One can see

X108 K™! andAa,=—-8x10° K1, Then the change that\, is always positive). is negative, and both linear

in the volume thermal expansion coefficieftr, at Ty, strains vary nonmonotonously with temperature due to addi-

whereAay=2Aa,+Aag, is negligibly small. tional contributions of opposite sign in the intermediate AF-I
In order to determine the spontaneous magnetostrictiorRhase. In the ground stata, reaches 4.810 * and \,

the (AL/L); vs T andAV/V vs T curves were extrapolated = —4.8<10™* which results inws=4.4x10"*.

from the paramagnetic regiof & Ty) into the magnetically Since the magnitudes of linear strain are of the order of

ordered region T<Ty). The dotted lines in Figs. 2 and 3 10~ * and moreover they are partly compensated due to their

represent the Debye function with a characteristic tempera@Pposite sign, the spontaneous volume magnetostriction
found in UNLSi, is relatively small. The compensation

. : . : . of linear strains having opposite sign, seems to be a com-
isz UNiSi 1 mon feature of uranium intermetallic compounds. For
04r : ok example, in the hexagonal UNiGR,=—0.8x10"4, A\,
T . ] =1.8x10% and w=0.2x10 %% in UNIAl, A,
. ] =—0.4x10"% \.=1.2x10 % and wg=0.5x 10 ** and
0.2 \L . \L a-axis . in UPtAl, N\,=—3X10"% \,=2%X10"% and ws=-4

t F ] X 107416
] :%K ] Figure 6 shows the pressure dependence of magnetic
i’ﬁ) i:

o (10% K

phase transition temperatures derived from data obtained on
c-axis ] UNi,Si, under various pressures up to 4 GPBhe phase
: ] transition from the AF-1 phase to the UAF structure exhibits
0.2 : . a large temperature hysteresis. The valu& ofepresents the
) ) ] average value of the transition temperatures observed during
0 100 200 300 the cooling and heating processes. One can seeTthé
T(K) rapidly enhajrlwed_ with  applying pressuredT,/dp
=8.6 K GPa-". This means that the UAF phase becomes
FIG. 4. The linear thermal expansion coefficients alongahe Stabilized with applying pressure on account of the AF-I
and ¢ axes for heating process. Arrows indicate magnetic phas@hase, which is consistent with the fact that the volume of
transition temperatures. the UAF phase is reduced with respect to AF-I. On the other
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ous volume changeAV=3.6x10"8 m®*mol ! at T,. As
140 PARA Ty T can be seen in Fig. 6, pressure dependencd,oft the
lowest-pressure limit g=0) is not more than 8.6 K/GPa.
. Based on Eq(1), the expected entropy change at the transi-
tion amounts, at least, tAS=3.7 Jmol 'K~ ! at ambient
M 4 pressure. This value is about one order of magnitude larger
T than the entropy change abi. But in reality, only a tiny
anomaly is observed in the specific-heat datal atwhich
yields an entropy change of the order of 0.1 Jnid{ 1.1
From the thermodynamic point of view, the highest sta-
bility of the UAF phase is qualitatively in good agreement
with our thermal expansion data obtained at ambient pres-
8 sure. Note that the UAF phase has the smallest volume

T(K)

UNiSi, among all magnetic phases of this compound and the exter-
ol nal pressure usually stabilizes a low-voluriiegh-density
(] 1 2 3 4 5 state.

p (GPa)

. . IV. CONCLUSIONS
FIG. 6. Pressure dependence of magnetic phase transition tem-

peratures of UNiSi, under high pressure up to 4.0 GPa. Here we would like to conclude our study on UYSi,.

The distinct anomalies in the thermal expansion of LBWi
hand, T, decreases with pressure at a rate ofwere observed af;=43 K, T,=103 K, andTy=124 K,
—1.3 K GPa' the transition becomes gradually broad- reflecting magnetic phase transitior, increases and,
ened. The AF-I phase is completely suppressed in pressur@écreases with increasing pressure; i.e., the intermediate
above 3.2 GPA. magnetic phase is suppressed by pressyes almost in-

Our thermal expansion data allow us to discuss the presiependent of pressure up to 4.0 GPa. The thermal expansion
sure effects on the magnetic phase transition temperatures gf UNi,Si, is highly anisotropic. In the paramagnetic range,
UN:i,Si, from a thermodynamical point of view. The value of the thermal expansion coefficient along theaxis is one
the Neel temperature is found to be almost pressure indeperorder larger than that along theaxis. The values of tha
dent. For the second-order phase transitiiiy/dp is di-  andc linear spontaneous magnetostriction are of the order of
rectly proportional to the discontinuous change of the vol-10-4 and have opposite sign, which leads to tiny volume
ume thermal expansion coefficienay. As discussed effects. The pressure dependence of the critical temperatures
above, there is no volume effect &, Aay=2Aa,+Aa; T, and Ty of magnetic phase transitions can be explained
~0 K~ within the experimental error. This result is then in within the thermodynamic point of view, applying the
good agreement with the pressure invariance Tof,  Clausius-Clapeyron equation with knowledge of thermal ex-
dTy/dp~0. The transition al, from the phase AF-I to the pansion and specific-heat data. However, questions about the
ILSDW phase should be a first-order transition because it ismall specific-heat anomaly &t;, the complex magnetic
accompanied by a discontinuous change of volu®, phase diagram, and the large difference of the linear thermal
=—6.5x1071° m® mol~!. We can estimate the change in expansion coefficients in the paramagnetic region remain
entropy,ASTz, at the transition by substituting these valuesstill open. Measurements of the thermal expansion under
in the Clausius-Clapeyron equation, high pressure, compressibility, and the theoretical approach

AV are strongly desirable in order to get more information about
B B R UNi,Si,.
ASTZ_(deldp)NO'S J mol+ K-, (1)
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