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The evolution of the magnetic field—temperature phase diagram of UAs;_,Se, with x in the range of 0-0.1 is
studied by means of magnetocaloric and specific-heat measurements. Our interest is focused on the high-
temperature phase transitions and especially on the point, where the paramagnetic (P) and two ordered phases
meet. For undoped UAs these two ordered states are the ferrimagnetic (Fi) and the type-I antiferromagnetic
phases. According to Sinha er al. [Phys. Rev. Lett. 45, 1028 (1980)] the antiferromagnetic phase transition is
in the vicinity of a Lifshitz point. Furthermore, Kuznietz et al. [J. Magn. Magn. Mater. 61, 246 (1986)] showed
that an incommensurate phase (IC) emerges between the type-I (or type-IA) antiferromagnetic and paramag-
netic phases in the case of UAs;_ Se, with 0 <x<0.15 in zero magnetic field. The results reported in this paper
show the existence of a Tgc(B) line that separates the ferrimagnetic region from a phase, which cannot be
identified on the basis of our thermodynamic measurements. However, one may assume it is the IC phase,
consistent with the above mentioned zero field results. The Tg;c(B) line merges with the order-disorder line at
point (B,,T,), where the critical line (IC/P) meets with two first order transitions lines: Fi/P and Fi/IC. This
point can be considered as an analog of a Lifshitz point. A simple phenomenological description of the phase

transitions near this special point is provided.
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I. INTRODUCTION

The magnetic phase diagram of UAs,_,Se, solid solutions
has been the subject of extensive investigations for more
than 40 years. In spite of this, the complex magnetic proper-
ties of such a system are still far from being fully under-
stood. The first studies of the x-7" magnetic phase diagram of
this system were reported by Obolenski and Troc on the
polycrystalline samples.! These were followed by results ob-
tained on single-crystalline samples by Vogt and Bartholin.?
The latter work was also the first attempt to investigate the
U(As,Se) system in an applied magnetic field of up to 18 T.
The authors of Ref. 2 presented a set of B-T diagrams that
turned out to be very complex. In undoped UAs a sufficiently
high magnetic field applied along [001] direction induces
high- and low-temperature ferrimagnetic phases in addition
to the zero-field type-I (AI) and type-IA (AIA) antiferromag-
netic phases. Both of the high temperature phase transitions,
i.e., the disordered to type-I for B<B, and disordered to
ferrimagnetic for B>B,, (where B, and T, are the coordi-
nates of the triple point), are of first order. The magnetic
behavior of pure UAs is altered by selenium substitution. In
UAs;_,Se, (up to x=0.6) a modulated magnetic structure
emerges below the transition to the paramagnetic state (P) at
Ty. This structure has been identified by means of very de-
tailed neutron diffraction measurements to be an incommen-
surate phase (IC).>> More recently x-ray magnetic scattering
studies added several important details, including the discov-
ery of a new magnetic phase, to the phase diagram of
UAs,_,Se,.%” Subsequent measurements of resonant x-ray
scattering at the U M, edge allowed further investigation of
the multi-k magnetic structures in UAs gSe(,.>°

In this paper, we focus mainly on the high-temperature
phase transition from the paramagnetic to the ordered states
in single-crystalline UAs;_,Se, with x=0.1. In UAs both
high temperature phases are collinear single k structures
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composed of a stack of ferromagnetic planes (001). In the
low-field Al phase the spins in the neighboring planes are
alternatively directed up and down (+—+-) along the (001)
axis. The spins of the ferromagnetic planes are ordered in the
(++-) sequence in the high field ferrimagnetic phase. What
concerns the paramagnetic-antiferromagnetic phase transi-
tion, neutron experiments suggested that UAs will order into
an incommensurate state. A weakly first-order phase transi-
tion occurs to the type-I antiferromagnetic state takes place
instead.'®!" Consequently, the authors of Ref. 10 conclude
that the AI/P transition is in a vicinity of a Lifshitz point
(LP). As shown in Ref. 2, doping of UAs with Se stabilizes
the incommensurate phase characterized by a wave vector
k=[00k]. The exact form of this phase is not determined.
However at B=0 two scenarios are possible depending on
the doping ratio: (i) a sequence of IC-AI-AIA transitions or
(ii) IC phase transforms directly to the type-IA antiferromag-
netic (++——) phase. Thus, one of the aims of our investiga-
tions is to check experimentally if a multicritical point in
which paramagnetic, commensurate, and incommensurate
phases meet is attainable in UAs;_,Se, and if this is the tri-
critical Lifshitz point.

II. EXPERIMENTAL

Single crystals of UAs,;_,Se, were grown at ETH Zurich,
Switzerland by a technique called mineralization. A pressed
pellet with the desired composition was kept at about 50 C
below the melting temperature for several weeks. The proce-
dure is described in detail elsewhere.'? The isothermal mag-
netocaloric coefficient (M) and specific heat (Cp) data were
obtained using a heat-flow calorimeter.'? In this method the
sample is connected to a heat sink by means of a sensitive
heat-flow meter of high thermal conductance. Cy(T) curves
are collected while sweeping the temperature at a constant
magnetic field, whereas M(B) during field sweeps at a con-
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FIG. 1. (Color online) The evolution of the B-T phase diagram
of UAs,_,Se,. Data points were obtained from specific heat (solid
points) and magnetocaloric (open points) measurements.

stant temperature. Single crystals of UAs;_,Se, were glued to
the heat-flow meter using Collaprene (Gubra, Milan, Italy)
with the (001) axis oriented parallel to the magnetic field. A
sample was surrounded by a double passive radiation screen
(gold plated), and both screens were in a good thermal con-
tact with the sink. The whole ensemble was evacuated down
to 107 hPa and placed in the gas-flow variable-temperature
insert of the Oxford Instruments cryostat fitted with a 13/15
T superconducting magnet. Temperature dependences of the
magnetization and magnetic susceptibility in a magnetic field
up to 9 T were measured using a Quantum Design Physical
Property Measurement System (PPMS).

III. RESULTS

Figure 1 shows the doping evolution of the B-T phase
diagram of UAs;_,Se, with the magnetic field is applied
along the (001) crystallographic axis. We studied four single
crystals with x=0 (undoped), 0.03. 0.05, and 0.1 selenium
content. The diagrams were constructed by combining mag-
netocaloric and specific-heat measurements. Analogous B-T
diagrams for single-crystalline samples with x=0.025, 0.05,
0.25, 0.30, and 0.40, were presented by Vogt and Bartholin.”
All of the results obtained there were based on magnetic
measurements. The authors of Ref. 2 mentioned for the first
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time the existence of a modulated structure preceding the
transition to the paramagnetic state” but they were unable to
detect the exact position of the Fi-1k/IC transition line for
x=0.05. This T;c(B) line is clearly visible in our thermo-
dynamic results (Fig. 1, panels b and c). It is worth noting
that the horizontal-like transition lines on the investigated
B-T diagrams could not be properly detected with the aid of
Cp(T) dependences because specific-heat anomalies in such
cases are smeared over a wide temperature range. Therefore,
measurements of the magnetocaloric coefficient were truly
irreplaceable. The different types of magnetic order in the
distinct magnetic phases were identified according to the re-
sults of neutron-diffraction  studies available in
literature.>!*!> Our results do not provide a clear evidence of
the incommensurate phase in the unsubstituted UAs (Fig. 1,
panel a) despite a trace of it might be present in the vicinity
of the triple Fi-1k/AI-1k/P point as discussed in Ref. 16.
The IC phase becomes apparent in the selenium-doped crys-
tals and the region of its occurrence increases with x. For
UAs)oSep,; (Fig. 1, panel d) the magnetic field of 13 T is not
sufficient to destroy the incommensurate phase, whereas in
UASO.97SG0.03 (Flg 1, panel b) and UAS0'95SGO.05 (Flg 1,
panel ¢) the IC phase survives only up to about B=~2 T and
6 T, respectively. Despite the fact that our thermodynamic
data cannot unambiguously reveal an explicit type of mag-
netic order, we were capable to detect a mixed
Fi-1k+Fi-2k state visible in Fig. 1 (panels b and c). We
suppose that the region in the B-T phase diagram of
UAsoSep,; (Fig. 1, panel d) denoted by the question mark
can be a narrow stripe of the Fi-1k phase.

Figure 2 shows the magnified region of the phase dia-
grams in question for x=0.03 (panel a) and 0.05 (panel b)
where the paramagnetic, incommensurate, and ferrimagnetic
phases meet. The coordinates of these triple points along
with coordinates of other specific points are given in Table I.

The nature of the converging phases at the Fi-1k/IC/P
triple point suggests that this could be a case of a special
multicritical point. Namely, it could be the Lifshitz point, at
which commensurate and incommensurate phases are in
equilibrium with the paramagnetic phase.!” This possibility
has been already discussed for the case of pure UAs, where
neutron studies revealed diffuse critical scattering above Ty
with the wave vector k=0.7 at B=0 T.1%!' However, the
particular type of phases (disordered, modulated, and or-
dered) that converge at the triple point it is not the only
condition, which has to be satisfied to develop the canonical
LP. In addition, the modulation wave vector of an incom-
mensurate phase is expected to reach zero in the limit of the
triple point. Although, in the case of UAsj¢;Seq s (Ref. 3)
and UAsj¢sSeps (Ref. 18) the neutron-diffraction studies
showed that the wave vector in the absence of the magnetic
field does not approach zero, when the temperature is
nearing the P/IC transition. Specifically, slightly below Ty
(B=0 T) k=0.642 for x=0.03, and k=0.619 for x=0.05.
Such a behavior of the wave vector does not fit into the
framework of the theory proposed by Hornreich et al.'” On
the other hand, a similar phenomenon was already discussed
by Qiu et al.'® for sodium nitrate (NaNO,) crystals, the prop-
erties of which were studied in transverse electric fields. The
authors of Ref. 19 conclude that the Lifshitz point in systems
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FIG. 2. (Color online) The B-T phase diagram of UAs¢7Se( g3
(upper panel a) and UAs g5Seq o5 (bottom panel b) in the vicinity of
the hypothetical Lifshitz point (indicated by open circles). Data
points were obtained from specific-heat (solid points) and magne-
tocaloric (open points) measurements.

which exhibit a discontinuous transition between disordered
and ordered phases is physically inaccessible. Instead, they
introduced an extension of the LP concept to first-order tran-
sitions. We believe that the case of UAs;_,Se, may be similar

TABLE I. Coordinates of characteristic points on the B-T phase
diagram of UASOA97S€0'03 and UASO<9SSCOA05.

T B
Compound Characteristic point (K) (T)
UAsp97Sep03  Triple point (Fi-1k/AFI-1k/IC) 112.8 1.24
Triple point (Fi-1k/IC/P) 1214 ~2
Zero-field IC/P transition 120.5 0
Zero-field AFI-1Kk/IC transition 112.9 0
UAsposSegos  Triple point (Fi-1k/AFI-1k/IC)  103.0 1.61
Triple point (Fi-1k/IC/P) 1226 ~6
Zero-field IC/P transition 103.4 0
Zero-field AFI-1Kk/IC transition 121.0 0

PHYSICAL REVIEW B 82, 094408 (2010)

25
121.8 K B (T) 124.0 K
tl) 0.5 1.0 15 20
20 A 121.0 K :g_/ ?g
120.5 K ~_ i oé
E 15 4 119.7K\ 3 f—1§
o 117A9K\ C . . ] 'ZE
e [T 3
2 10 A
Si\
D
5 .
AN
O UASD.97seO.03
0 1 2 3 4 5 6 7
B (T)
40 118 K 121 K 122K [|123k 124K
b) 120 K o
30 - 115 K
E
)
E
2
:&

FIG. 3. The isothermal magnetocaloric coefficient curves when
crossing the Fi-1k/IC and Fi-1k/P first-order phase transition lines
for UAsy97Sep 03 (upper panel a) and UAs)g5Seq o5 (bottom panel
b). The data taken at T=121.0 K for UAsg¢;Seqo; and
T=122.0 K for UAsjgsSe( s cross also the second order IC/P
phase transition line (see Figs. 2 and 7) which is visible as a small
bump indicated with an arrow. The inset in panel a shows an ap-
pearance of this anomaly (for UAs 97Se o3) in the derivative of the
magnetocaloric coefficient with respect to the magnetic field. All
curves were taken upon decreasing magnetic field.

since we see some evidence that the direct Fi-1k/P transition
is of first order. The first hint comes from magnetocaloric
data shown in Fig. 3. There is a peak at the transition in the
field dependence of the magnetocaloric coefficient (B, and
T, are coordinates of a given point on the Fi-1k/P transition
line), which indicates that the phase transition involves latent
heat. Furthermore there is no significant difference in the
shape of the anomaly in M;(B) between the Fi-1k/IC (dis-
continuous) and the Fi-1k/P transitions. The anomalies in
the specific heat at the IC/P and Fi-1k/P transitions as seen
in Fig. 4 are evidently dissimilar. The first has a steplike
shape that indicates a continuous phase transition, whereas
the second is a peak. If the Fi-1k/P transition were of first
order, it should obey a magnetic version of the Clausius-
Clapeyron law
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FIG. 4. The in-field specific heat of single-crystalline

UAs(97Se.03 (upper panel a) and UAs95Se s (bottom panel b).
The respective values of the applied field are given in the small
frames on the right side of the plots. Dashed lines denote the tran-
sition lines, which meet at the hypothetical LP denoted by an open
circle. All curves were taken upon cooling.

dB,, AS
- ()

dTr AM
where dB,,/dT is the slope of the phase transition line, AS is
the entropy jump, and AM is the jump in the molar magne-
tization at the transition. AS can be independently obtained
from either magnetocaloric or specific-heat measurements as

AS = T_’ (2)

where L is the latent heat which is given by the integral of
the total area between the peak and the baseline. We would
like to emphasize that in the heat-flux method employed here
the shape of a first-order anomaly is affected by the choice of
measurement conditions (including a rate of the temperature/
field sweep).!> As a result, we usually observe at the
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FIG. 5. (Color online) A comparison between the entropy jumps
(AS) at the IC/P and Fi-1k/P transitions for UAsj¢;Seq 3 (upper
panel a) and UAs¢sSe o5 (bottom panel b) calculated by two in-
dependent methods (see text for details): (1) full points refer to AS
determined from the area of the peak from Cg(T) data. The latent
heat construction is shown in the upper inset in panel a. (2) Hollow
diamonds refer to AS determined from the Clausius-Clapeyron
equation. A jump in the molar magnetization is shown in the bottom
inset to panel a.

first-order phase transition a linear ramp of Cy(T), or M(B),
followed by an exponential relaxation, instead of a
o-functionlike shape. Nevertheless, an important fact is that
the area between the peak and base line, and thus the esti-
mated latent heat, remains independent irrespective of
conditions.'® In the studied case, different slopes of Cg(T)
above and below the transition make it impossible to find a
proper single baseline. Therefore, the area of the peak was
estimated under the assumption that at the transition we have
a mixture of low- and high-temperature phases and their ratio
changes with absorbed or released heat. An example of such
a construction is shown in the upper inset of Fig. 5. The main
panels of Fig. 5 present a comparison between the values of
the entropy jump at the transition calculated independently
by two different methods. The first method relies on using
the Clausius-Clapeyron equation (1), where the dB,(T)/dT
slope and magnetization jump are experimentally deter-
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mined. An example of estimation of AM is shown in the
lower inset in Fig. 5). The second methods involves using the
latent heat and Eq. (2). Both methods yield very similar val-
ues as expected for a first-order phase transition. In both
samples AS is also found to be approximately proportional to
the magnetic field. The IC/P, Fi/IC, and Fi/P phase transitions
are easily visible in the specific heat and magnetocaloric data
(see Figs. 3 and 4), although it is not straightforward to use
these results for a precise evaluation of T, or B,,.. Both Cy(7)
and M;(B) dependences are measured by means of the dy-
namical method, thus shapes of first-order anomalies can be
affected by rate of the temperature/field ramp as mentioned
before. Therefore, we also performed measurements of the
magnetic moment (M) and ac magnetic susceptibility (M) at
a very low-temperature drift rate (0.05 K/min, f=1011 Hz,
B,.=1 mT). These results are presented in Fig. 6. The
anomalies related to the phase transitions are much less ob-
vious in M(T) and M'(T) than they were in the Cx(T) data.
However, we noticed that the transition temperatures corre-
late with sharp minima in the temperature derivative of the
susceptibility. This allowed us to precisely determine
Triic(B), Ticp(B), and Tgp(B) even in the region where the
transition lines lie very close to each other. These results are
shown in Fig. 7. From the analysis of the phase diagram of
magnetic systems near LPs we know that Tgyp(B) and
Ticp(B) lines should always be tangent whereas the Tg;;(B)
line is tangent to the other two only when the ordered phase
is either uniaxial or easy plane with strong tetragonal
anisotropy.?’ The phase diagram based on specific heat and
magnetocaloric data (see Fig. 2) suggests that at least for
UAS(955€( 05 the Tgip(B) and Tyc,p(B) lines are nontangent.
This finding seems to be proved independently by data
shown in Fig. 7. This is further proof that we are not observ-
ing a canonical LP. Moreover, the nontangent order-disorder
transition lines were anticipated by Qiu et al.'® in the frame-
work of their extended Lifshitz point concept.

IV. LANDAU FREE ENERGY

The phase diagram even of pure UAs where only com-
mensurate phases are observed is extremely complicated,
showing an interplay between single- and double-k struc-
tures. It would be very difficult to propose and analyze a
reasonable model which would describe the entire B-T phase
diagram of this compound. Hence, we will confine our dis-
cussion to the paramagnet to ordered phase transitions as
mentioned previously. These high temperature phase transi-
tions from paramagnetic to the Al or ferrimagnetic phase in
the presence of a magnetic field may be described by the
phenomenological Landau free energy in the following form:

fL=Ffo+vm+v,m> +vym’ + af¢]2c + cf¢; + bfqﬁjl + au(ﬁi
+ b,y +dndp+dmep, +dd ., 3)

where vl,v2,v3,af,bf,cf,aa,ba,d,df,da are temperature-
and field-dependent coefficients. The variable m denotes a
projection of the magnetization on the field direction, ¢; the
ferrimagnetic, and ¢, the antiferromagnetic order param-
eters, respectively. A finite applied magnetic field leads to
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FIG. 6. (Color online) The temperature dependences of the mag-
netic moment [M(T)—upper panel a] and magnetic susceptibility
[M'(T)—bottom panel b] of UAsjg;Se 3. The “I” symbols indi-
cate the transition temperatures as detected by calorimetric mea-
surements. Red lines (to the right of the transition jumps) represent
data taken upon warming while blue lines (to the left of the transi-
tion jumps) represent data taken upon cooling. The inset in panel b
shows an example of a dM'/dT derivative plot, where minima in-
dicated by asterisks are associated with the transition temperatures.

m# 0 and the free energy in Eq. (3) describes four types of
states: the paramagnetic with ¢,=0, ¢,=0, and m=mp

.
2
5 =300, - 0;

(4)

mp=
3U3

and three ordered states: (i) the antiferromagnetic state with

¢r=0
d
bo= - (5)

a

and
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FIG. 7. (Color online) The B-T phase diagram of UAs¢;Seq g3
(upper panel a) and UAsj 95Se o5 (bottom panel b) in the vicinity of
the Fi-1k/IC/P triple point (indicated by open circles) as deter-
mined from the magnetic measurements (see Fig. 6 and the accom-
panying text for details).

\d —4bw,)? + 24b(a,d, — 2b,v, vy + d> - 4b w2

12b aU3
(6)
(ii) the ferrimagnetic state with ¢,=0 and
1
b= 85, —\- 32azb;+ 9Cf— 32bsdgm - 3cy, (7)

where m is one of the solutions of the equation

d' |
3m2vs + 2mu, + 6—4;(\s'— 32a.b;+9c; - 32bdm - 3c;)?
f

=0, (8)

and (iii) a mixed phase with ¢;=¢y, # 0 and ¢,= ¢, # 0.
Unfortunately, a theory with a dozen or so free parameters
[11 coefficients of the free energy in Eq. (3) and critical
temperatures 7T.;] is rather useless to describe the experimen-
tal data. To reduce this number of parameters one can try to
reconstruct the Landau energy from some microscopic
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model. Kuznietz et al.'® claimed that the magnetic behavior
of the uranium monopnictides including UAs and solid solu-
tion UAs;_,Se, is well accounted for by the so-called
anisotropic-next-nearest-neighbor interaction model
(ANNNI).?! However, it seems that such a model is not suf-
ficient enough even to describe the features of the high-
temperature part of the UAs phase diagram. As seen from
Fig. 1, an appropriate model should describe the phase tran-
sition from paramagnetic to the antiferromagnetic type-I
phase for B<B, and for B> B,, the phase transition to the
ferrimagnetic phase, where both of the transitions are of first
order. Let us consider the ferromagnetic layers with inter-
layer interaction j coupled by an extended ANNNI model in
a magnetic field

H==j2 SIS - ji 2 SISt = o 2 878}

ij.n ij.n ij.n

non on+l gn+l n on on+2 gn+2 n

—ky 2 SISISTIST — ky 2 SISISTAS Y — H Y S
ij.n i,j,n in

)

where S} denotes an Ising spin (S=*1) in the “nth” layer
and H=B/u. In the Hamiltonian (9) the standard ANNNI
model with the two-spin interactions (j, j;, and j,) is ex-
tended by taking into account the four-spin interactions
(ky,k,). One should consider at least six layers to describe
the high-temperature phase transitions to the Al phase with
layers stacked in the (+—+—+—) sequence and the ferrimag-
netic phase with layers (++—++-) phases. Let us denote the
magnetization of the nth layer by m,=(S?) and introduce
variables

6

1
m= —E m,,

6 ¢2=m1+m2+m3—m4—m5—m6,
n=1

P =mz — mg.
(10)

by=my—my Py=my—mg Ps=m;—my

Then the order parameters of the Landau free energy can be
defined as

bu=b5s=Ps,  Pr= 3=y (11)

It is now easy to find all coefficients of the Landau free
energy as functions of the microscopic parameters
JsJ1sJ2,k1 ko, temperature T, and magnetic field H in the
framework of the molecular field approximation

H H
f0=—t1g2cosh2—t, v1=—2jtanh5 (12)

and
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H H
W(t—W+tcosh7> R(t—2R+tcosh7>
ar= v a= ,

H ‘ H
9T cosh"— 4t cosh™—
2t 2t

(13)

where J=j+j1+j2, sz—j]+j2, W=2j—jl—j2, and IZT/] It
should be emphasized that the third-order term in the ferri-
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magnetic order parameter ¢, does not vanish in the Landau
expansion in Eq. (3) and yields

H
tanh—
2t

H
cp=— 2W3+3t2K(1 +cosh7)] (14)

8172 cosh>—
2t

The other coefficients are given as

h 2H
9KE — 12KEPW + AW* + 2[6K (1 — W) — W4]cosh; +3K7r° coshT

g 3 H
324t cosh™—
2t
4 2 3 4 2 3 H 3 H
32R* - 24KRt" + 9Kr’ — 4(4R" + 6KRt” — 3Kt )cosh: + 3Kt cosh;
ba = 9 (1 6)
3 H
192¢° cosh™—
2t
H H
J(t —J+t cosh—) tanh—
t N ) H
Uy = , Uz= 8J° = 3Kt'| 1 —cosh— | |, (17)
H 2 2 t
t cosh™— 3t” cosh*—
2t 2t
2 H 2 2 H H
4W<J tanh— 8JR” + Pt°| 1 + cosh— |tanh—
2t t 2t
df: ) a = ’ (18)

H
942 cosh>—
2t

where K=k;+k, and P=k,;—3k,. Now the number of the
fitting parameters is reduced to four. Namely, j,, j», ki, and
k, (one can assume j=1). However, this number is still too
large in order to systematically present solutions of the
model described by Eq. (3). Therefore, as an example we
show the results for a model denoted as “A” which is defined
by: j;=0.2, j,=-0.71, k;=—1.8, and k,=—1 (left plot in Fig.
3).

The phase transition lines from the disordered to type-Al
and to ferrimagnetic phases merge at the multicritical point
(H,,t,) denoted in Fig. 8 by open circles. For model A this
point is located at (0.055,1.254). Figure 9 shows the ferri-
magnetic order parameters and layer magnetizations for
model A. In the ferrimagnetic phase the sequence of layers
with magnetization (m;,m;,ms,m,,m;,ms) is formed.

It is true that the simplest mean field approximation
(MFA) fails to define the character of the phase-transition
singularities and to quantitatively describe the thermody-
namic properties of the system. However, it should predict a
possibility of occurrence of several different phases. Let us

H
4¢% cosh®>—
2t

start with the zero field case. The para-antiferromagnetic
phase transition occurs at

R(t—R)
2t

a,= =0. (19)

Hence, at the transition point (r=R) the fourth-order coeffi-

cient of the Landau theory in Eq. (17) reads
R* KQR-1) R K

by=—=-

20
124 8¢ 3 2 (20)

According to the Landau theory the first-order phase transi-
tion, observed in UAs, occurs for b,<0. The condition for
such a transition is K> %R from Eq. (20). Thus, K has to be
finite and positive, which means that within the Landau
theory the original ANNNI model cannot be used to describe
the antiferromagnetic phase transition in UAs. To stabilize
the antiferromagnetic phase for b,<<0 one should take into
account the sixth order term ((1)2) in the Landau expansion.
However, in this case, the solutions for the order parameter
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FIG. 8. (Color online) The (H,r) phase diagram of

model A (j;=0.2, j,=-0.71, k;=-1.8, ky=—1)—Ieft plot and
B (j;=0.05, j,=-0.67, k;=—1.3, k,=2.5)—right plot. Open
circles denote the multicritical points (Hp,tp) for the A and B mod-
els, respectively

cannot be found analytically in the presence of an external
field. Of course one could find the appropriate solutions nu-
merically, but the number of the tunning parameters
J1-J2,k1 ko, and H ,t is too large in order to do it in a reason-
able way without adequate experimental data, which accord-
ing to our knowledge are not available.

Doping of UAs with Se changes the interaction param-
eters and an incommensurate phase for H<H, and T<Ty
appears. The properties of the spatially modulated phase of
an Ising model with competing nearest-neighbors and next-
nearest-neighbors interactions were studied by Monte Carlo
methods??> and by MFA.? In the latter paper the authors es-
timated the temperature-induced fluctuations and showed
that the mean-field picture will hold even near T... They con-
structed the phase diagram with infinite number of commen-
surate phases and stated that near 7, all commensurate
phases are narrow and the system is indistinguishable from
an incommensurate one. The model proposed in the present
paper cannot describe a true incommensurate phase as we
have confined ourselves to six layers. However, for some set
of the interaction parameters a kind of modulated phase (M)
defined by

My =m;— 0 21

can be realized. To describe such a phase, instead of ¢,, ¢;,
and ¢, in Eq. (10) we will introduce new variables

6
1
b=~ 62 (=1)"m,,  d3=my—my—ms+my,
n=1

$y=my—m3—my+ms (22)
and now the order parameters are

br=P3=cby, P, =36=hr=bs= ¢bs. (23)

The form of the free energy is the same as in the previous
case in Eq. (3) with ¢,,a,,b, replaced by ¢,,a,,b,, where
for example,
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FIG. 9. (Color online) Model A: temperature dependence of the
ferrimagnetic phase sublattice magnetization m; and ms, bold line
denotes the appropriate order parameter at H=0.3. The dashed line
denotes the magnetization of the paramagnetic phase.

1 2 2 .
a,=————| =705 -22j1+28jj,

108t cosh®>—
2t
—22j3+ 51t — 13yt + j(351 = 20, + 52j,)
L e . H
+(35j+ 5, - 13j,)t cosh;). (24)

The appropriate phase diagram for a model denoted as “B”
defined by (j;=0.05, j,=-0.67, k;=—1.3, k,=2.5) with
three phases P, Fi, and M is presented in Fig. 8 (right plot)
which can be compared with the high-temperature part of the
phase diagram for UAs g7Se( o3 from Fig. 2 (upper panel a).
The second-order phase-transition line between paramag-
netic and modulated phases meets the first-order transition
line between paramagnetic and ferrimagnetic phases at the
triple point (H,~0.205, t,~1.308). In fact, this multicriti-
cal point divides the first-order ferrimagnetic transition line
into two segments, such that on the first the transition to the
paramagnetic, while on the second to some modulated phase
is observed. The first-order phase transition from simple fer-
romagnetic or antiferromagnetic to a modulated structure
was predicted by Villain and Gordon.?* Tt means, of course,
that the multicritical (H,,T,) point cannot be considered as
the canonical Lifshitz point which divides the second order
transition line into two parts. In the M phase magnetization
changes from layer to layer by 6 which depends on the mag-
netic field and temperature. Figure 10 shows the temperature
dependence of the layer magnetizations at H=0.1. In Fig. 11
the order parameters of the M and Fi phases are presented at
H=0.15 (bold lines) and H=0.2 dashed lines. The modulated
phase order parameter changes continuously while the ferri-
magnetic exhibits a jump at the transition temperature.

To summarize this section, within the MFA the extended
ANNNI model in Eq. (9) may be used to describe both high
temperature triple points: (i) observed in undoped UAs
where para-, ferri-, and antiferromagnetic phases meet and
(ii) in selenium-doped crystals UAs;_,S, for x=0.03 and
0.05 where the para-, ferri-, and modulated phases coexist.
The parameter space of our model is quite rich (j;, 2,k ,k,)

094408-8



EVOLUTION OF THE MAGNETIC FIELD-TEMPERATURE...

FIG. 10. (Color online) Model B: temperature dependence of
the modulated phase layer magnetizations m; at H=0.1. The dashed
line denotes the magnetization of the paramagnetic phase.

and the values of these parameters can be fitted only based
on experimental data which are not available as yet. Con-
cerning the character of the phase transition, the results of
the MFA may be not fully reliable and a more powerful
approximation should be applied. However, we have found
the values of the interaction parameters (model B) for which
the P/M phase transition is continuous (second order) and
Fi/P discontinuous (first order) (Fig. 11).

V. CONCLUSIONS

When introducing a new multicritical point Hornreich,
Luban, and Shtrikman'? suggested over 35 five years ago
that “there exist a large number of systems in which a Lif-
shitz point may occur.” Nevertheless, LP’s have only been
reported in a few systems to date. The authors of Ref. 17
mentioned UAs,;_.S, as the most promising system to find
LP and there were suggestions that such a point may occur in
similar UAs,_,Se,.!? Our primary interest was therefore to
check this possibility. To this end, we have systematically
studied the magnetic phase diagram of UAs;_.Se, single
crystals for x=0.1 in magnetic field up to 13 T. We report a
yet unknown intermediate phase between Fi-1k and Fi-2k
for UAs(975€( 03 and UAs( 95Se o5 (see Fig. 1) which disap-
pears for higher selenium content. We verified that doping
UAs with Se stabilizes the modulated phase also in the pres-
ence of the magnetic field, and, in fact, the triple point, in
which disordered (P), modulated (IC), and commensurate or-
dered (Fi) phases converge, is present in UAsj¢7S¢eo; as
well as in UAs 95Se( os. However, the critical behavior asso-
ciated with this triple point is different from the canonical

PHYSICAL REVIEW B 82, 094408 (2010)

1.305 1.310 1.315

FIG. 11. (Color online) Model B: temperature dependence of the
modulated (bottom curves) and ferrimagnetic (upper curves) phase
order parameters at H=0.15 (bold lines) and H=0.2 (dashed lines).

LP. Namely, in the studied case two transition lines are of
first order and the boundary lines separating the ordered and
disordered phases do not join with the same tangent. Thus, in
view of Hornreich’s'? original idea regarding “a new multi-
critical point whose critical behavior is strikingly different
from any reported previously” the extension of the LP con-
cept to a first-order phase transition'® has nothing to do with
the main feature of LP i.e., critical behavior. Despite this,
attempts are being made at labeling as LPs even those points
in which all three incoming transition lines are of the first
order,? i.e., where there is no critical behavior at all.

Further comprehensive experimental studies are also nec-
essary for constraining the parameter values of the proposed
extended ANNNI model. Nevertheless, this model, where the
four-spin interactions in Eq. (9) are taken into account (on
top of the ferromagnetic interactions j between each spin in
the xy planes, the interactions between the spins in adjacent
layers j;, and the next-nearest layers j,, as considered in the
standard ANNNI model??) should be appropriate in describ-
ing main features of the high-temperature phase transitions
in UAs and presumably in UAs;_,S, as well.
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