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Magnetovolume effects and thep-T magnetic phase diagram of UNi2Si2
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The thermal expansion of single-crystalline UNi2Si2 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 reaches 431024. The lattice volume
changes abruptly atT1543 K and T25103 K, where UNi2Si2 undergoes the magnetic phase transitions.
When increasing temperature, a considerable volume expansion (by 3.631028 m3 mol21) at T1 and tiny
shrinkage~by 6.5310210 m3 mol21) at T2 have been observed. On the other hand, no apparent volume effect
is observed around the magnetic ordering temperatureTN5124 K. Thermal expansion data are analyzed using
thermodynamic relations in order to elucidate the previously published pressure dependences of temperatures
of magnetic phase transitionsT1 , T2, andTN .
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I. INTRODUCTION

UNi2Si2 crystallizes in the tetragonal ThCr2Si2-type
structure shown in Fig. 1, which consists of basal-plane l
ers of U atoms alternating with Si-Ni2-Si slabs along thec
axis.1 The lattice parameters area53.99 Å and c
59.53 Å at room temperature. The distance between
nearest U neighbors isdU-U5a53.99 Å. The tetragona
crystal symmetry and the anisotropic layout of ligands of
U atoms are expected to cause anisotropy of electronic p
erties.

Below TN5124 K, this compound exhibits magnetic o
der, which is characterized by several magnetic phases
secutively appearing with decreasing temperature.2 The first
ordered phase that is stable down to 103 K is an incomm
surate longitudinal spin-density wave~ILSDW!. At T2
5103 K, UNi2Si2 undergoes a magnetic phase transition
a simple body-centered tetragonal antiferromagnetic st
ture ~AF-I!. Finally, belowT1553 K (T1'43 K in Ref. 3!
it exhibits an uncompensated antiferromagnetic~UAF! struc-
ture withq5(0,0,2/3).2 The value ofT1 is somewhat sample
dependent, which may be connected with stoichiome
variations. For the crystal used in our study,T1543 K.4–6 In
all three magnetically ordered phases, the moments~only the
U atoms carry detectable magnetic moments! are aligned
along thec axis and coupled ferromagnetically within th
basal plane. The coupling along thec axis determines the
type of a magnetically ordered state; e.g., the~1 – 1 –!
coupling defines the AF-I phase whereas the UAF phas
characterized by the~1 1 –! coupling. The latter phase i
then characterized by a spontaneous magnetic moment
0163-1829/2001/64~18!/184417~5!/$20.00 64 1844
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amounts to 1/3 of the uranium moment. The magnetic ph
transitions atT1 , T2, and TN are accompanied by distinc
anomalies in the temperature dependence of electrical re
tivity and thermal expansion.7,8

From neutron-diffraction experiments a magnitude of t

FIG. 1. A schematic picture of the crystal structure
UNi2Si2.
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U magnetic moment of 2.2mB has been determined in th
ground-state phase. In this view, UNi2Si2 has been classified
as a material with rather well-localized 5f electrons.2 How-
ever,c-axis magnetization data obtained on the same cry
as used in our study point to a considerably lower value
1.6 mB than that given in Ref. 2.

Electrical resistivity studies of UNi2Si2 exerted to an ex-
ternal hydrostatic pressure revealed that the value
T1 (T2) becomes strongly increased~weakly decreased!,
whereasTN seems to be pressure invariant.5,6,9As a result of
pressure effects onT1 andT2, the temperature range of th
stability of AF-I is narrowing and vanishes above 3.2 GP6

To discuss these phenomena from a thermodynamic poin
view, highly accurate thermal expansion data of UNi2Si2 at
ambient pressure were strongly desired. Therefore, we m
sured the precise thermal expansion and estimated the s
taneous magnetostriction on a single crystal along thea and
c axes.

In our previous paper,5 we estimated the spontaneo
magnetostriction using a slightly higher Debye temperat
QD5370 K available from specific-heat measurement d
in Ref. 10. In the present paper, we use recently obtai
QD5283 K,11 which can explain the paramagnetic part
the thermal expansion much better.

II. EXPERIMENTAL PROCEDURE

The sample used for our experiment has been cut by s
erosion from the same single crystal of UNi2Si2 as reported
in Refs. 4–6. The crystal was grown by means of the tri-
Czochralski technique. The linear thermal expansion al
thea andc axes was measured simultaneously by two str
gauges, having a resistance of 120V each~type KFL-02-120-
C1-11 made by the Kyowa Electric Institute, Japan!. They
were glued by strain gauge cement~PC-6! on the clean sur-
face of thea-c plane in UNi2Si2. In order to increase a
measurement accuracy, we adopt the two gauge~active and
dummy! method. In this method, we use dummy material
a standard, whose strain with respect to the tempera
~thermal expansion! has already known exactly. Here w
used a copper (99.999%) disk as a standard material.
thermal expansion coefficient of copper at ambient press
has been investigated in detail by Kroeger and Swenso12

We put them in the circular of a Wheatstone bridge w
other two constant resistors (120V). The signal related to
the difference between the relative change of the electr
resistance of strain gauges glued on the sample and du
is amplified by a strain amplifier~type DPM-711B made by
the Kyowa Electric Institute, Japan!.

In such a way, these strain gauges provide data of
relative length change with an error smaller than61
31026. We used a gold-Chromel thermocouple as a th
mometer. The experimental error of the temperature is
than 0.1 K.

III. RESULTS AND DISCUSSION

The relative length change (DL/L) i ( i 5a,c) along thea
andc axes, respectively, with respect to increasing tempe
18441
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ture is shown in Fig. 2. Due to technical difficulties, we on
are able to measure thermal expansion on the heating
cess. It is clearly seen that the linear thermal expansio
strongly anisotropic and shows several distinct anomalies
companying the magnetic phase transitions, which is con
tent with previously published thermal expansion resu
along thec axis.8 With increasing temperature, the lattic
expands along thea axis discontinuously atT1 , (DL/L)a
'0.431024, and shrinks along thec axis, (DL/L)c'20.3
31024. On the other hand, a lattice shrinkage is observ
along thea axis ('20.331024) and expansion along thec
axis ('0.431024) at T2. These results indicate the first o
der magnetic phase transitions atT1 and T2. The magnetic
phase transition atTN is accompanied only by a change
slope of the (DL/L) i vs T curves, wherei 5a,c, without
showing any discontinuity in (DL/L) i . Above TN , the lat-
tice expands along thea axis with increasing temperature
while along thec axis it is nearly temperature independen

The volume thermal expansionDV/V52(DL/L)a
1(DL/L)c below 150 K is shown in Fig. 3~solid line!.
Pronounced anomalies are observed atT1 andT2: at T1, the
volume increases discontinuously by'0.531024, and atT2,
it decreases discontinuously ('20.231024) with increas-
ing temperature. From these results it is found that the v
ume of the AF-I phase is larger than that of the other pha
UAF and ILSDW. Practically complete compensation of li
ear strains along thea andc axes results in the absence of
volume anomaly atTN .

The temperature dependence of the linear thermal exp
sion coefficientsa i5d(DL/L) i /dT at ambient pressure i
shown in Fig. 4. The linear thermal expansion coefficie
along thea and c axes are extremely anisotropic,aa512
31026 K21 at room temperature, whereasac is less than
131026 K21. Sharp peaks reflecting the first-order ma

FIG. 2. The linear thermal expansion of UNi2Si2 along thea and
c axes at ambient pressure for heating process. The dotted
represent the phonon contribution to the thermal expansion
mated using the Debye temperature valueQD5283 K.
7-2
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MAGNETOVOLUME EFFECTS AND THEp-T MAGNETIC . . . PHYSICAL REVIEW B 64 184417
netic phase transition are observed atT1543 K and T2
5103 K. These values are in good agreement with spec
heat data.11 At T1, a pronounced hysteresis behavior is fou
in the electrical resistivity along thec axes.6,7 The value of
T1 is also in good agreement with the averaged tempera
of the resistivity anomaly between the cooling and heat
processes. It is suggested that thermal hysteresis in the
mal expansion is narrower than that in the resistivity alo
the c axis. The transition atTN5124 K is of the second-
order character, which is connected with a discontinu
change of the linear thermal expansion coefficientDaa54
31026 K21 and Dac52831026 K21. Then the change
in the volume thermal expansion coefficientDaV at TN ,
whereDaV52Daa1Dac , is negligibly small.

In order to determine the spontaneous magnetostrict
the (DL/L) i vs T andDV/V vs T curves were extrapolate
from the paramagnetic region (T.TN) into the magnetically
ordered region (T,TN). The dotted lines in Figs. 2 and
represent the Debye function with a characteristic temp

FIG. 3. The volume thermal expansion of UNi2Si2 at ambient
pressure for heating process.

FIG. 4. The linear thermal expansion coefficients along tha
and c axes for heating process. Arrows indicate magnetic ph
transition temperatures.
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tureQD5283 K, which has been derived from specific-he
data measured on the crystal used in the present work.11 ~It
should be noticed that the previously used valueQD
5370 K taken from Ref. 10 seems to be overestimated.
new value ofQD does not practically affect the extrapolatio
along thec axis, but leads to considerable corrections alo
the a axis compared to Ref. 5.! The related differences be
tween the measured and extrapolated values correspon
the linear (la in the basal plane,lc along thec axis! and the
volumevs52la1lc spontaneous magnetostrictions that a
displayed in Fig. 5 as functions of temperature. One can
that la is always positive,lc is negative, and both linea
strains vary nonmonotonously with temperature due to ad
tional contributions of opposite sign in the intermediate AF
phase. In the ground state,la reaches 4.631024 and lc
524.831024 which results invs54.431024.

Since the magnitudes of linear strain are of the order
1024 and moreover they are partly compensated due to t
opposite sign, the spontaneous volume magnetostric
found in UNi2Si2 is relatively small. The compensatio
of linear strains having opposite sign, seems to be a c
mon feature of uranium intermetallic compounds. F
example, in the hexagonal UNiGala520.831024, lc
51.831024, and vs50.231024,13 in UNiAl, la
520.431024, lc51.231024, and vs50.531024,14 and
in UPtAl, la52331024, lc5231024, and vs524
31024.16

Figure 6 shows the pressure dependence of magn
phase transition temperatures derived from data obtaine
UNi2Si2 under various pressures up to 4 GPa.6 The phase
transition from the AF-I phase to the UAF structure exhib
a large temperature hysteresis. The value ofT1 represents the
average value of the transition temperatures observed du
the cooling and heating processes. One can see thatT1 is
rapidly enhanced with applying pressure,dT1 /dp
58.6 K GPa21. This means that the UAF phase becom
stabilized with applying pressure on account of the AF
phase, which is consistent with the fact that the volume
the UAF phase is reduced with respect to AF-I. On the ot
e

FIG. 5. Temperature dependence of linear (la andlc) and vol-
ume (vs) spontaneous magnetostrictions at ambient pressure.
7-3
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hand, T2 decreases with pressure at a rate
21.3 K GPa21 the transition becomes gradually broa
ened. The AF-I phase is completely suppressed in press
above 3.2 GPa.6

Our thermal expansion data allow us to discuss the p
sure effects on the magnetic phase transition temperatur
UNi2Si2 from a thermodynamical point of view. The value
the Néel temperature is found to be almost pressure indep
dent. For the second-order phase transition,dTN /dp is di-
rectly proportional to the discontinuous change of the v
ume thermal expansion coefficient,DaV . As discussed
above, there is no volume effect atTN , DaV52Daa1Dac
'0 K21 within the experimental error. This result is then
good agreement with the pressure invariance ofTN ,
dTN /dp'0. The transition atT2 from the phase AF-I to the
ILSDW phase should be a first-order transition because
accompanied by a discontinuous change of volume,DV
526.5310210 m3 mol21. We can estimate the change
entropy,DST2

, at the transition by substituting these valu
in the Clausius-Clapeyron equation,

DST2
5

DV

~dT2 /dp!
'0.5 J mol21 K21. ~1!

It is expected that the latent heat at this transition is lar
'50 J mol21. This value is consistent with previou
specific-heat data.11,15

The transition from the UAF phase to the AF-I phase
also the first-order transition accompanied by a disconti

FIG. 6. Pressure dependence of magnetic phase transition
peratures of UNi2Si2 under high pressure up to 4.0 GPa.
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ous volume change,DV53.631028 m3 mol21 at T1. As
can be seen in Fig. 6, pressure dependence ofT1 at the
lowest-pressure limit (p'0) is not more than 8.6 K/GPa
Based on Eq.~1!, the expected entropy change at the tran
tion amounts, at least, toDS53.7 J mol21 K21 at ambient
pressure. This value is about one order of magnitude la
than the entropy change atT2. But in reality, only a tiny
anomaly is observed in the specific-heat data atT1 which
yields an entropy change of the order of 0.1 J mol21 K21.11

From the thermodynamic point of view, the highest s
bility of the UAF phase is qualitatively in good agreeme
with our thermal expansion data obtained at ambient p
sure. Note that the UAF phase has the smallest volu
among all magnetic phases of this compound and the ex
nal pressure usually stabilizes a low-volume~high-density!
state.

IV. CONCLUSIONS

Here we would like to conclude our study on UNi2Si2.
The distinct anomalies in the thermal expansion of UNi2Si2
were observed atT1543 K, T25103 K, andTN5124 K,
reflecting magnetic phase transitions.T1 increases andT2
decreases with increasing pressure; i.e., the intermed
magnetic phase is suppressed by pressure.TN is almost in-
dependent of pressure up to 4.0 GPa. The thermal expan
of UNi2Si2 is highly anisotropic. In the paramagnetic rang
the thermal expansion coefficient along thea axis is one
order larger than that along thec axis. The values of thea
andc linear spontaneous magnetostriction are of the orde
1024 and have opposite sign, which leads to tiny volum
effects. The pressure dependence of the critical temperat
T2 and TN of magnetic phase transitions can be explain
within the thermodynamic point of view, applying th
Clausius-Clapeyron equation with knowledge of thermal
pansion and specific-heat data. However, questions abou
small specific-heat anomaly atT1, the complex magnetic
phase diagram, and the large difference of the linear ther
expansion coefficients in the paramagnetic region rem
still open. Measurements of the thermal expansion un
high pressure, compressibility, and the theoretical appro
are strongly desirable in order to get more information ab
UNi2Si2.
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