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The magnetic (H, T) phase diagrams of EuAs; and Eu(As,_, P, ); for x =0.10, 0.40, 0.80, and 0.98
with the applied magnetic field parallel to the monoclinic b axis of the crystals have been investigat-
ed using neutron diffraction. These phase diagrams contain several commensurate and incommens-
urate phases which are unexpected for a single Eu** ion in the %S, ground state. The temperature
and field variations of the wave vectors and the magnetic structures of the field-induced phases have
been determined. Phase transitions between these phases are discussed in terms of phenomenologi-

cal Landau-type theory and symmetry arguments.

I. INTRODUCTION

Semimetallic EuAs; and its solid solution
Eu(As;_, P, ); have rather complex magnetic properties
unexpected for the Eu’* ion in the !S; , ground state.!—°
EuAs; orders at Ty =11.3 K with a second-order phase
transition to a sine-wave amplitude-modulated incom-
mensurate phase.’ At T, =10.3 K, EuAs, undergoes a
lock-in transition to a commensurate phase.> An external
magnetic field applied parallel to the monoclinic b axis
of the crystal induces several commensurate-
incommensurate phase transitions.” The magnetic (H, T)
phase diagram of EuAs; is rather complex and contains
at least six phases. The magnetic ordering in EuAs; can
only be explained by assuming an anisotropic exchange
interaction whose microscopic origin is not understood at
the present time. The magnetic phase diagram of
the arsenic-rich Eu(As;_,P,); is very similar to that
of EuAs;, whereas that of the phosphorus-rich
Eu(As;_,P,);is very different. At zero applied magnetic
field phosphorus-rich Eu(As,_,P,); orders with a sine-
wave incommensurate phase at Ty.> At lower tempera-
ture the phosphorus-rich Eu(As;_ P, ); undergoes a sine
wave to helimagnetic phase transition.” The magnetic
(H,T) phase diagram of the phosphorus-rich
Eu(As,;_, P, ); contains four phases which are all incom-
mensurate. Galvanomagnetic measurements® have estab-
lished that the charge carrier density of Eu(As,_,P,),
decreases rapidly with increasing phosphorus concentra-
tion. It is therefore natural to conclude that the
difference in the magnetic properties of the arsenic-rich
and the phosphorus-rich Eu(As,_, P, ); is correlated with
the charge carrier concentration. In an attempt to under-
stand the complex magnetic properties of EuAs; and
Eu(As,_,P,); and the role of charge carrier concentra-
tion on these properties, we have undertaken neutron
diffraction investigations of the magnetic phase diagrams
and the structures of the ordered magnetic phases. The
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magnetic structures of the zero-field phases of EuAs; and
Eu(As,_,P,); have already been determined.">”° The
magnetic (H, T) phase diagram of EuAs; and the magnet-
ic structures of the field-induced phases have been report-
ed.>> In the present investigation we have determined
the magnetic structures of the field-induced phases of the
arsenic-rich (x=0, 0.10, and 0.40) and the phosphorus-
rich (x=0.80 and 0.98) Eu(As,_,P,);. We have also in-
vestigated the temperature and magnetic-field-induced
commensurate-incommensurate phase transitions in these
compounds.

This paper is organized in the following way: Sec. Il is
devoted to the experimental details. Section III describes
the structure model of the field-induced phases of EuAs;
and Eu(As,_,P,);. Sections IV-VI describe the results
of neutron diffraction experiments on these compounds.
In Sec. VII we describe the resulting magnetic (H,x)
phase diagram, discuss the sine-wave and helimagnetic
phases of this phase diagram and phase transitions be-
tween these phases in terms of phenomenological
Landau-type theory and symmetry arguments. Finally,
in Sec. VIII, we give the summary and main conclusions
from the present investigations.

II. EXPERIMENTAL PROCEDURE

EuAs; and Eu(As,_,P,); were synthesized from the
elements using Eu of 99.9% purity and As and P of
99.999% purity as starting materials. Large single crys-
tals of dimensions of a few cm were grown by the Bridg-
man technique. The composition x of Eu(As,_,P,); was
determined by atomic emission spectroscopy with an ac-
curacy of £1%.

Neutron diffraction measurements were performed us-
ing the D15 diffractometer of the Institut Laue-Langevin
in Grenoble. The diffractometer was used in normal
beam geometry at a neutron wavelength A=1.174 A.
Single crystals typically of size 1X1X35 mm?® with the
largest dimension parallel to the b axis were used. The
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crystal needle axis was fixed parallel to the w axis of the
diffractometer to reduce the effect of the strong absorp-
tion of the natural Eu in the crystal. A cryostat with a
superconducting magnet capable of generating magnetic
fields up to 4.6 T was used for the experiment. The tem-
perature stability was better than +0.05 K in the temper-
aturerange2 K <T <12 K.

III. MAGNETIC STRUCTURES
OF THE FIELD-INDUCED PHASES
OF EuAs; AND Eu(As, _, P, ),

The magnetic structures of the field-induced phases of
EuAs; and Eu(As,;_,P,); can be described as elliptic
cone structures. In these structures the magnetic mo-
ment on the europium atom whose position is given by
the vector I +r; (/ is a lattice vector and r; the position of
the ith atom in the unit cell with respect to the unit cell
origin) is

M, =US,cos(7-l +@;)+VS,sin(r-] +¢; )+ WS, . (1)

In this equation 7 is the propagation vector, W is a unit
vector parallel to the applied field direction [010], and S,
is the component of magnetic moment parallel to the
field; S, has not been measured in the neutron diffraction
experiments. U and ¥ are orthogonal unit vectors in the
(010) plane, we have chosen their orientation so that
S, > S, and the direction 1 is inclined at an angle a to a*
measured towards [001]. In EuAs; there are two Eu
atoms in a primitive unit cell, they are related to one
another by a center of symmetry at the origin. If this
pair of atoms are at positions r, and r, with r;= —r, then
for all the magnetic phases ¢,=¢, so that this pair of
atoms have parallel moment directions. For each struc-
ture we have obtained the values of @ and y =S, /S, by a
least-squares fit of the measured intensities to this model.

IV. MAGNETIC (H,T) PHASE DIAGRAM OF EuAs;

The magnetic (H,T) phase diagram of EuAs; obtained
with the applied magnetic field parallel to the monoclinic
b axis of the crystal has already been reported.>** Fig-
ure 1 shows the magnetic (H, T) phase diagram of EuAs;,
of Ref. 4 obtained from the magnetization measurements
along with the present neutron diffraction results. The
phase boundaries deduced from the two types of mea-
surement agree closely. However, the magnetization ex-
periments were not sensitive enough to determine the
effect of the magnetic field on the incommensurate (IC)
phase of EuAs;. In the present neutron experiment we
have investigated this. Figure 2 shows the intensity of
the 0.915,0,—0.30 satellite reflection of the incommensu-
rate phase of EuAs; as a function of the magnetic field
applied parallel to b. The intensity of this reflection de-
creases abruptly at the critical field H.=0.83 T. At
about the same magnetic field the intensity of the
0.865,0,—0.195 reflection corresponding to the field-
induced SF4 (spin-flop) phase increases. The magnetic
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FIG. 1. The magnetic (H,T) phase diagram of EuAs; ob-
tained from magnetization (Ref. 8) and neutron diffraction with
the magnetic field applied parallel to the monoclinic b axis of
the crystal.

moments of the Eu atoms in the incommensurate IC
phase® are oriented parallel to b, whereas the antiferro-
magnetic component of the magnetic moments in the SF4
phase®® are oriented parallel to c. Therefore, at
T=10.36 K, EuAs; undergoes a field-induced spin-flop
transition at H.=0.83 T in which the magnetic moments
reorient from the [010] to the [001] direction. The
present experiments do not permit a definite conclusion
about the order of this phase transition.

The magnetic structures of the field-induced SF1, SF2,
and SF4 phases have already been reported®® and are
summarized in Table I. SF1 and SF4 are incommensu-
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FIG. 2. Field variation of the intensities of the satellite
reflections 0.915,0,—0.30 and 0.865,0,—0.915 corresponding to
IC and SF4 phases of EuAs; at 7=10.36 K illustrating field-
induced IC— SF4 phase transition at H.=0.83 T.
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TABLE I. The magnetic structures of the field-induced phases of EuAs;. a is the angle between a* axis and the major axis S, of
the ellipse. S, and S, are the components of the magnetic moments along the major and minor axes of the ellipse, respectively. N is
the number of independent reflections and R is the agreement factor between the observed and calculated structure factors.

Compound  Phase TK) HM Wave vector a (deg) S, (ug) S, (up) N R Reference
EuAs; SF1 4 1.25 (—0.9,0,0.25) 90 5.3 4.6 42 0.15 5
EuAs; SF2 4 24 (—1,0,0.25) 90 7.6 58 0.14 5
EuAs; SF3 4 4 (—0.95,0,0.225) 90 5.1 55 0.14 5
EuAs, SF4 6.9 4 (—0.9,0,0.213) 90 3.8 34 0.13 5
EuAs; SF4 6.0 4.0 (—0.898,0,0.213) 98(1) 4.6(1) 31 0.13 Present work

rate phases, whereas SF2 is a commensurate phase with T T T T T T 1

the wave vector (—1,0,1). We have determined the tem- 0261 Eu 6‘53 L H=147T

perature variation of the components 4 and / of the wave 20.24f T Ay . t‘ 4

vector parallel to a* and c*, respectively, at different = 0.22F )

magnetic fields. Figure 3 shows these variations at ) I\ SF4

H=147, 3.68, and 4.60 T. At H=147 T, the com- 0.20- SF1 i 1

ponents h and [/ of the wave vector remain practically 7 : 7

constant in the SF1 phase. At about T=9 K, 4 and [/ de- 050} h i .

crease considerably showing the phase transition from 3 ° S

the SF1 to the SF4 phase. At H=3.68 T the components 2088 M i

h and I decrease abruptly at the SF2— SF3 phase bound- - 08— 53 4 5 ¢ 5 B $ 6

ary at T=4.5 K. The SF3— SF4 transition is less evident TK)

from the temperature variation of the components of the
wave vector. The temperature variation of the intensity
of the satellite reflection 40/ is more sensitive and shows
both the SF2—SF3 and SF3— SF4 transitions at about
4.5 and 5.5 T clearly. At H=4.6 T the temperature vari-
ations of the components 4 and / of the wave vector show
a sharp decrease at about T=3.3 K corresponding to the
SF2—SF3 phase transition but the SF3—SF4 transition
has no drastic effect on these wave-vector components.
Remembering that SF2 is a commensurate phase with the
wave vector (—1,0,1), Figs. 3(b) and 3(c) illustrate the
lock-in transition from the incommensurate SF3 to the
commensurate SF2 phase. The nonlinear temperature
variations of the components of the wave vector are very
similar to the soliton-lattice behavior of the wave vector
of the zero-field incommensurate IC phase as it under-
goes the lock-in transition to the commensurate AF1
phase.’

We have redetermined the magnetic structure of the
SF4 phase of EuAs; at T=6.0 K and H=4.0 T. The
wave vector is found to be (—0.898,0,0.213). Refinement
of the magnetic structure with 31 independent reflections
(corrected for absorption) gave an agreement factor
R=0.13. The magnetic moments are modulated col-
linearly and are oriented at an angle 8° from the crystallo-
graphic ¢ axis (see Table I). The amplitude of the mag-
netic moment is found to be 4.6 5. Bauhofer et al.® have
determined the magnetic structure of this phase at T=7
K and H=4 T and have obtained almost identical results.

V. FIELD-INDUCED MAGNETIC PHASES
OF ARSENIC-RICH Eu(As, _,P,);

The magnetic (H,T) phase diagrams of EuAs; and
arsenic-rich Eu(As,_, P, ); are very similar. These phase
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FIG. 3. Temperature variation of the components h and / of
the wave vector parallel to a* and c*, respectively, of EuAs; at
(a) H=1.47 T; (b) H=3.68 T; and (c) H=4.6 T. The units for A
and [ are reciprocal lattice units (r.l.u.). The magnetic field was
applied parallel to b. These wave-vector variations illustrate the
SF1—SF4 and SF2— SF3— SF4 transitions.
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FIG. 4. The magnetic (H,T) phase diagram of
Eu(Asg 9Py 10); obtained from magnetization (Ref. 8) and neu-
tron diffraction with the magnetic field applied parallel to the
monoclinic b axis of the crystal.

diagrams have already been determined from the magne-
tization experiments*® for x=0.10 and 0.40. Figure 4
shows the nmagnetic (H,T) phase diagram of
Eu(Asg goPg 10)3; it is very similar to that of EuAs; except
for the field-induced SF3 phase. We have studied the
(H,T) phase diagram of Eu(Asg P 0); using neutron
diffraction and found it to agree well with that obtained
from magnetization results. We have studied the effect of
magnetic field on the incommensurate (IC) phase of
Eu(Asg goPg 19); Which could not be obtained from the
magnetization measurements. Figure 5 shows the field
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FIG. 5. Field variation of the intensity and the 4 and / com-
ponents of the wave vector parallel to a* and c*, respectively, at
T=10.10 K of Eu(Asyg¢Py o) illustrating field-induced
IC— SF4 transition.

variation of the components 4 and / of the wave vector
parallel, respectively, to the a* and c¢* axes of the incom-
mensurate IC phase at T=10.1 K. In the same figure,
field variation of the intensity of the incommensurate sa-
tellite reflection is also shown. At about H=0.92 T we
observe a transition from the incommensurate IC phase
to the spin-flop SF4 phase. This spin-flop transition is
similar to that observed in EuAs;.

Figure 6 shows the temperature variation of the com-
pounds A and ! of the wave vector parallel to a* and c*,
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FIG. 6. Temperature variation of the components 4 and / of
the wave vector parallel to a* and c*, respectively, of
Eu(Asg goPg 10); at (a) H=1.02 T, (b) H=1.70 T, and (c) H=2.98
T. The magnetic field was applied parallel to b. These wave-
vector variations illustrate SF1—SF4 and SF2—SF4 phase
transitions.
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respectively, of Eu(AsgqoPy 10); at H=1.02, 1.70, and
2.98 T applied parallel to the b axis. These temperature
variations of the components of the wave vector show
SF1—-IC-—SF4 transition at H=1.02 T, SF1—SF4 tran-
sition at H=1.70 T and SF2-—>SF4 transition at H=2.98
T by abrupt or continuous charges of the wave-vector
components. At H=2.98 T the wave-vector variation il-
lustrates the lock-in transition from the incommensurate
SF4 phase to the commensurate SF2 phase with the wave
vector (—1,0,7). This wave-vector variation at the
lock-in transition is very similar to the soliton-lattice be-
havior observed for the zero-field incommensurate IC
phase of EuAs; and also that of Eu(Asg 9Py 10)3-

Figure 7 shows the magnetic (H,T) phase diagram of
Eu(Asg 6P 40)3 Obtained from the magnetization experi-
ments.* This phase diagram is also very similar to that of
EuAs, except that, like Eu(Asg ooPg 10)3, Eu(Asg ¢0Po 40)3
has only three field-induced phases compared to the four
field-induced magnetic phases of EuAs;. We have deter-
mined the magnetic structures of all these three phases,
SF-M1, SF-M2, and SF-M4, and the results are given in
Table II.

VI. FIELD-INDUCED MAGNETIC PHASES
OF PHOSPHORUS-RICH Eu(As, _,P, );

The magnetic ordering of  phosphorus-rich
Eu(As,;_,P,); is very different from that in EuAs; and
arsenic-rich Eu(As,_,P,);. Magnetic (H,T) phase dia-
grams of the phosphorus-rich Eu(As,_,P,); have been
determined for x=0.80 and 0.98 from magnetization ex-
periments.*® Figure 8 shows that of Eu(Asg ,Pg s0)3-
The magnetic structures of the field-induced phases are
presumably identical or at least similar to those of
Eu(Asj ;P 93);. We have only determined the magnetic
structures of the field-induced phases in Eu(Asg ¢,Pg 95)3-
For Eu(As ,0P; 30); we have determined the wave-vector
variations as functions of the temperature and the applied
magnetic field parallel to b. Figure 9 shows the tempera-
ture variation of the component / of the wave vector at
H=1.02, 1.45, and 1.79 T. The component A does not
change significantly with temperature and magnetic field
and is about 0.78. At H=1.02 and at T=1.5K, / ~0.267
and remains approximately the same up to 7=5 K. At
higher temperature ! decreases continuously. This de-
crease in / is due to the IC-P1—SF-P2 transition. At
H=1.79 T, I=0.27 and remains constant up to about
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FIG. 7. The magnetic (H,T) phase diagram of
Eu(Asg 4Py 40); obtained from magnetization (Ref. 8) and neu-
tron diffraction with the magnetic field applied parallel to the
monoclinic b axis of the crystal.

T=3.5 K. At higher temperatures ! decreases continu-
ously. This decrease in / is due to the SF-P1-—SF-P2
phase transition. At zero applied magnetic field
Eu(Asg 50Pg g0); orders at Ty, =8.9 K to an incommensu-
rate sine-wave phase (IC-P2) which instead of undergoing
lock-in transition transforms at T=7.65 K to a helimag-
netic phase (IC-P1).° We have determined the effect of
magnetic field on the sine-wave phase at T=7.92 K. Fig-
ure 10 shows the temperature variation of the square of
the structure factor of the satellite 0.815,0,0.301
reflection as a function of the applied magnetic field. A
second-order phase transition takes place at a critical
field H.=0.77 T to the paramagnetic phase. This is con-
sistent with the magnetic (H,T) phase diagram obtained
from magnetization experiments. We also determined
the effect of the magnetic field applied parallel to b on the
wave vector (—0.790,0,0.250) of the low-temperature hel-
imagnetic phase IC-P1 of Eu(Asgy,0P;g0);- The com-
ponent h of the wave vector does not change significantly
with the magnetic field whereas the component / changes
with the field. Figure 11 shows the field variation of / at
T=2.0 K. ! increases from /=0.25 at H=0to / ~0.27 at
about H=1.7 T. At higher field / decreases, at H=2.4 T
l is about 0.24. The field variation of / does not show the
IC-P1—SF-P1 and SF-P1—SF-P2 transitions clearly but

TABLE II. The magnetic structures of the field-induced phases of Eu(As,_,P,);. a is the angle be-
tween a* axis and the major axis S, of the ellipse. S, and S, are the components of the magnetic mo-
ments along the major and minor axes, respectively. N is the number of independent reflections and R
is the agreement factor between the observed and calculated structure factors.

Compound Phase T (K) H (T) Wave vector a (deg) S, (ug) S, (ug) N R
Eu(AsoPos0)s SF-M1 25 115 (—0.894,0,0315 100(2)  6.54) 294 11 0.08
Eu(AsgePoso); SF-M2 2.5 207 (—1,0,4) 97.6(7)  5.3(4) 120 0.15
Eu(AsoePoss); SF-M4 2.5 322 (—0912,0,0.323) 99(1)  5.14) 11 0.07
Eu(Asg ,Poos); SF-P1 25 115 (—0.680,0,0.342) 105(4)  63(2) 5.13) 81 0.15
Eu(Asy,Poos)s SF-P2 25 161 (—0.713,0,0208 97(1)  4.4(2) 75 0.22
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FIG. 8 The magnetic (H,T) phase diagram of
Eu(Asg 3P0 30)3 obtained from magnetization (Ref. 8) and neu-
tron diffraction with the magnetic field applied parallel to the
monoclinic b axis of the crystal.

is consistent with the (H, T) phase diagram obtained from
the magnetization experiments. However, the field varia-
tion of the wave vector at T=2.0 K has revealed another
interesting effect. Figure 12 shows the w scans of the sa-
tellite reflections as a function of the applied magnetic
field H|jb at T=2 K. The full width at half maximum
(FWHM) of the peak at H=0 T corresponds to the in-
strument resolution. The peak becomes increasingly
broader as the magnetic field is raised. The shift of the
peak to the higher o values at higher field up to H=1.5T
corresponds to the increase in I. At still higher magnetic
field the peak position comes back almost to the w value
at H=0 corresponding to a decrease in [/ as is also illus-
trated in Fig. 11. The field variation of FWHM of these
peaks are shown in Fig. 13. At H=24 T, FWHM=1.7",
whereas at H=0, FWHM is about 0.7°. This increase in
FWHM at H=2.4 T by a factor of about 2.4 is very
surprising and indicates drastic decrease in the magnetic
correlation length. It is a reversible effect—the original
FWHM value is retained if the field is reduced to zero.
The microscopic origin of this effect is not understood at
this time. This behavior of the magnetic peak widths has
only been observed in Eu(As;_, P, ); with x=0.80.

Figure 14 shows the magnetic (H,T) phase diagram of
Eu(Asg ()P 9g); obtained from the magnetization experi-
ments.* There are only two field induced magnetic
phases SF-P1 and SF-P2. The magnetic structures of
both these phases are given in Table II.

VII. DISCUSSION

A. Magnetic phase diagrams of EuAs; and Eu(As,_, P, );

The present experimental results demonstrate that the
magnetic phase diagrams of the semimetallic EuAs; and
Eu(As,_,P,); (x <0.98) are much more complex than is
expected for a single Eu** ion in 85, ,, ground state. The
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semiconductor 3-EuP;, on the other hand, has a simple
classical magnetic phase diagram which is exactly what
one expects for a single Eu*>* ion.*

The magnetic (H,T) phase diagram of EuAs; has at
least two commensurate and four incommensurate
phases. The phase boundaries have been determined by
the magnetization* and by the present neutron diffraction
experiments which agree satisfactorily. The magnetic
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FIG. 9. Temperature variation of the component / of the

wave vector parallel to ¢* of Eu(Asg Py 50); at (a) H=1.02 T;
(b) H=1.45T;and (c) H=1.79 T.
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structures of these phases have also been determined in
the present work. However, the origin of this complex
magnetic phase diagram is not understood. To under-
stand the magnetic ordering of EuAs; even at zero ap-
plied magnetic field and the lock-in phase transition (IC-
C) one has to involve strong anisotropic magnetic interac-
tions® whose microscopic origin is not understood. Nev-
ertheless, the condition for the existence of the incom-
mensurate EuAs; at zero applied magnetic field has been
investigated phenomenologlcally by varying the exchange
interactions.® A simple interpretation of the smooth tem-
perature dependence of the modulation wave vector is
given in terms of sine-Gordon soliton-lattice model. To
understand the origin of the several magnetic field in-
duced commensurate and incommensurate phases of
EuAs; is a formidably difficult task. However, an exter-
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FIG. 11. Field variation of the component [ of the wave vec-

tor parallel to ¢* of Eu(Asg 5Pgs0); at 7=2.0 K with the ap-

plied magnetic field parallel

to the b axis of the crystal.

FIG. 12. Field variation of the w scans of the satellite
reflection of Eu(As, 5P g0); at about T=2 K. The magnetic
field was applied parallel to the b axis.

nal magnetic field may be considered formally as first-
order anisotropy.'© Therefore, temperature induced
lock-in transition (SF3—SF2) under external magnetic
field applied parallel to [010] can be formally understood
even for Eu’* in 3S,, ground state. In fact, the
incommensurate-commensurate transitions observed in
EuAs; at 3.7 and 4.6 T (Fig. 3) have close similarities to
those in zero applied magnetic field. At H=4.6 T the
temperature variation of the components 4 and / of the
wave vector have typical soliton-lattice behavior.

The magnetic (H,T) phase diagram of Eu(Asy 40P 10)3
looks very much similar to that of EuAs; except for that
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FIG. 13. Field variation of the full width at half maximum
(FWHM) of the satellite reflection of Eu(As ,0Pg.s0); at T=2 K.
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FIG. 14. The magnetic (H,T) phase diagram of

Eu(Asg 50Pg 03)3 obtained from magnetization (Ref. 8) and neu-
tron diffraction with the applied magnetic field parallel to the b
axis.

in the former compound the phase corresponding to SF3
is missing. The wave vectors and the magnetic structures
of all other phases are similar to those of EuAs;. The
same is true for Eu(Asg ¢oPg 40)3 except for the phase SF-
M2. The second field-induced phase SF2 in EuAs; and
Eu(Asg 0P 10); is a commensurate phase with the wave
vector (—1,0,1) whereas the second field-induced phase
in Eu(Asg ¢Py 40); is also a commensurate phase but with
the wave vector (— 1,0,%). Figure 15 shows the projec-
tion of the magnetic structure of the SF-M2 phase of
Eu(Asg 0P 40); along the [010] direction. This phase has
the same wave vector as that of the zero-field AF1 phase
and also consists of the ( + —) stacking of the ferromag-
netic (201) planes. However, the antiferromagnetic com-
ponents of the magnetic moments of Eu atoms in SF-M2
phase lie collinearly on the (010) plane and make an angle
a=98° with respect to the a* axis. In the same figure we
show the magnetic structures of the other two field-
induced phases SF-M1 and SF-M4 of Eu(As; ¢Pg 40)3
which are essentially the same as those of SF1 and SF4
phases of EuAs;.

The magnetic phase diagrams of the phosphorus rich
Eu(Asg 50Po.30); and Eu(Asg p,Pg ¢3); contain only four
magnetic phases. At zero field these compounds order at
about T, =8.5 K to a sine-wave incommensurate phase
with the magnetic moments parallel to £b. At about 1 K
below Ty this sine-wave phase IC undergoes a first-order
phase transition to a helimagnetic phase IC-P1 in which
the magnetic moments are modulated in the (010) plane.
This phase is similar to the antiferromagnetic component
of the SF1 phase of EuAs;. Application of magnetic field
induces two other phases SF-P1 and SF-P2. Figure 16
shows the projection of the magnetic structures of IC-P1,
SF-P1 and SF-P2 phases along [010]. SF-P2 is very simi-
lar to the SF4 phase of EuAs;. SF-P1 is actually
an incommensurate phase with the wave vector
(—0.680,0,0.342). However, looking at Fig. 16 we ob-

serve that this phase is nearly commensurate with the
wave vector (—20%). It consists of ferromagnetic
(—201) planes stacked in the sequence (+ \,,/ —). The
spin directions in the neighboring plane are rotated by
120°.

Figure 17 shows the resulting (H,x) phase diagram of
Eu(As;_,P,); at T=1.8 K. This phase diagram is not
complete and the concentration range 0.40 <x <0.80
remains uninvestigated. However, since the magnetic
structures of the phases of Eu(As,_,P,); have been
determined for x=0.40 and 0.98, we are in a position to
comment on the general features of this phase diagram.
The low-temperature and low-field antiferromagnetic
phase AF1 disappears for x in between 0.40 and 0.80 and
instead a helimagnetic phase IC-P1 is stabilized. This
phase is almost identical to the first field-induced SF1
phase of EuAs;. At intermediate field we have a series of
commensurate phases SF2, SF-M2, and a nearly com-
mensurate SF-P1 phase. At higher fields we have SF4
phase for arsenic-rich Eu(As,;_, P, ); and SF-P2 phase for
phosphorus-rich Eu(As;_,P,);. We have already men-
tioned that these two phases are nearly identical. We

SF-MI

FIG. 15. Projection of the magnetic structures of the field-
induced SF-M1, SF-M2, and SF-M4 phases of Eu(Asg ¢Po.40)3-
The europium atoms which are at z =% are shown by shaded
arrows.
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FIG. 16. Projection of the magnetic structures of the field-

induced IC-P1, SF-P1, and SF-P2 phases of Eu(Asg ;P93

The europium atoms which are at z :% are shown by shaded

arrows.

Magnetic field (T)

0
0 0 2 04 06 0 8 10
EuAsy x EuP;

FIG. 17. (H,x) phase diagram of Eu(As,_,P, ).

note that the critical field necessary for the transition to
the paramagnetic phase reduces drastically from about
6.3 T for EuAs; (x=0) to about 2.3 T for x=0.98.

B. Sine-wave phases of EuAs; and Eu(As,_, P, ),

The magnetic structure of the high-field phases SF4,
SF-M4, and SF-P2 (these are actually the same phase) is
found to be a sine-wave modulated phase with the mag-
netic moments oriented approximately along the c axis.
We have determined these structures of SF4, SF-M4, and
SF-P2 phases at 4, 2.5, and 2.5 K, respectively. Structure
refinements with the elliptic spiral model (see Sec. III)
lead to the axial ratio y=S,/S,~0 suggesting these
structures to be actually sine-wave at these temperatures.
Structure refinements have been performed at tempera-
tures considerably lower than T (for example, for SF-
M4 the structure refinement has been performed at
T=25K,H=3.2T,and Ty~9K at this magnetic field).
At Ty the development of the sine-wave modulation can
be understood by considering mainly the second-order
terms of the free energy. However, as the temperature is
decreased fourth-order or higher-order terms can become
important.!! These higher-order terms may have an en-
tropic origin for the magnetic moments tend to saturate
at low temperatures or these may be in general due to
single-ion anisotropy or higher-order exchange interac-
tions like quadrupolar interactions. These higher-order
terms can be classified into two categories.!! The first
category contains the so-called locking terms, which give
rise to the shift of the wave vector towards a commensu-
rate value leading to a lock-in transition. This lock-in
transition has been observed in EuAs; and Eu(As;_,P, ),
at zero and low magnetic field. The second category of
higher-order terms contains terms that introduce a cou-
pling with another Fourier component leading to the ap-
pearance of third-, fifth-, and higher-order harmonics in
addition to the principal satellite in the diffraction pic-
ture. This behavior is typical of the sine-wave modula-
tions which become progressively square-wave-type with
decreasing temperature. Unfortunately, in our present
experiments we have not investigated the higher-order
harmonics of the high-field phases of EuAs; and
Eu(As,_,P,); and therefore we cannot make definite
conclusions regarding whether the sine-wave high-field
phases actually transform progressively to a square-wave
modulation or remain actually sine-wave down to low
temperatures.

We observe that the first magnetic phase at Ty in
EuAs; and Eu(As;_,P,); is always a sine-wave modula-
tion. At zero applied magnetic field the sine-wave modu-
lation is transverse, i.e., the magnetic moments are
aligned perpendicular to the wave vector direction. At
higher magnetic fields the antiferromagnetic component
of the magnetic structure is also sine-wave but not trans-
verse. This sine-wave phase is not pure longitudinal, but
very close to it. Field-induced phase transitions between
these two sine-wave phases have been demonstrated for
EuAs; and Eu(Asg ooPg 1)3 in Figs. 2 and 5, respectively,
and actually exist for Eu(As,_,P,) for all x <0.98. A
sine-wave magnetic structure can be described within a



one-dimensional representation by the Fourier com-
ponent m, 1
Ak o s
mk=—ﬁkel k . (2)
2
The magnetic moment in any elementary unit cell is
given by

m[=AkCOS(k‘R1+¢k )ak . (3)

Equation (3) describes a sine-wave modulation of the mo-
ment value propagating along k direction with amplitude
A, , polarization along the unit vector i, and phase ¢,.
When the crystallographic site has several magnetic
atoms, the Fourier component m,;; can be defined for
Bravais sublattice j as

A by ;

m; ;= u

JT Ty k. j€ ’ @

where the polarizations ; and the phases ¢,; are
defined by the basis vectors of the irreducible representa-
tion 'y, of the group Gy, the little group or the group of
the wave vector k.!! When the group G, has a high
symmetry the sine-wave modulation has to be longitudi-
nal with a polarization parallel to the principal axis.
However, when G, has lower symmetry, viz., ortho-
rhombic, monoclinic, or triclinic [monoclinic in the case
of EuAs; and Eu(As;_,P,);] the sine-wave modulation
can be either longitudinal (m,|k) or transverse (m; lk).
A temperature-induced phase transition between the lon-
gitudinal and transverse sine-wave has been observed in
Cr (Ref. 10) at about 124 K. Field-induced phase transi-
tion between these two types of sine-wave phases in
EuAs; and Eu(As;_,P,); is to our knowledge the only
other example for such a phase transition.

C. Helimagnetic phases in EuAs; and Eu(As,_,P, );

We have discussed in Sec. VIIB that a sine-wave
modulation which appears at Ty can either lock into a
commensurate phase or transform gradually into a
square-wave modulation as the temperature is lowered.
Only in special cases can the sine-wave modulation
remain stable down to T=0 if the ground state is a sing-
let.!! There is, however, a fourth possibility in which the
sine-wave phase which appears at Ty can transform into
a helimagnetic phase as the temperature is lowered. For
orthorhombic or lower symmetry, the irreducible repre-
sentations are only one dimensional and therefore a hel-
imagnetic ordering, for which the order parameter be-
longs to a two-dimensional irreducible representation,
cannot develop at Ty if the phase transition is second or-
der. The incommensurate phase, which develops at Ty,
must therefore be a sine-wave modulation. However, as
the temperature is lowered a transition to a helimagnetic
phase can occur because the helimagnetic phase has a
lower energy at low temperatures. This transition can be
very close to T when isotropic exchange interactions
dominate anisotropic ones. This situation seems to be
fulfilled in the case of phosphorus-rich Eu(As,_,P,); at
zero and low applied magnetic fields. We actually ob-
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serve such a sine-wave to helimagnetic transition at a
tmeperature T which is about 1 K below Ty. The anti-
ferromagnetic component of the field-induced SF1 phase
of EuAs; and Eu(As,_,P,); is actually very similar to
the low-temperature helimagnetic phase IC-P1 of the
phosphorus-rich Eu(As, _ P, ).

VIII. SUMMARY AND CONCLUSIONS

We have determined the magnetic structures of the
field-induced phases of Eu(As,_,P,); and have studied
the temperature, and magnetic-field-induced phase transi-
tions between these phases by neutron diffraction on sin-
gle crystals. Temperature and field variations of the wave
vectors have been determined carefully. We have
discovered several types of novel phase transitions in this
system, viz., incommensurate to commensurate lock-in
transition, sine-wave to helimagnetic and transverse
sine-wave to longitudinal sine-wave phase transitions.
The observation of such a variety of commensurate and
incommensurate phases and the above-mentioned phase
transitions between these are quite unexpected for a sin-
gle Eu** ion in the S, , ground state.

From the basis of the present investigations the follow-
ing conclusions are made.

(1) The semimetallic EuAs; and Eu(As,_,P,); have
very complex magnetic (H, T) phase diagrams which con-
tain several commensurate and incommensurate phases
unexpected for a single Eu’* ion in the %S,,, ground
state. The magnetic (H,T) phase diagram of the semi-
conductor B-EuP;, on the other hand, is very simple and
is exactly what one expects for a S-state Eu’* ion.

(2) The charge carrier concentration in semimetallic
Eu(As,_,P,); decreases drastically as the phosphorus
concentration increases and pure B-EuP; is an insulator
at low temperature. The exchange coupling in semime-
tallic EuAs; and Eu(As,_ P, ); is presumably a combina-
tion of superexchange and Ruderman-Kittle-Kasuya-
Yosida (RKKY) interaction whereas for B-EuP; only the
superexchange is important. the complex magnetic prop-
erties of the semimetallic Eu(As,_ P, ); should therefore
be mainly due to the RKKY interaction.

(3) By assuming anisotropic exchange interaction the
stabilities of the incommensurate and the commensurate
zero-field phases have been understood phenomenologi-
cally.>’ Similar analysis of the field-induced phases is a
formidably difficult task and has not been performed as
yet.

(4) Incommensurate-commensurate lock-in transitions
have been investigated in EuAs; and Eu(As,_,P,); at
zero field and also with applied magnetic field. The
soliton-lattice behavior of the temperature variation of
the wave vector has been observed in both cases. Howev-
er, the higher-order harmonics which should appear
theoretically close to the lock-in transition have not been
found experimentally.

(5) The highest field-induced SF4 and IC-P2 phases (ac-
tually the same phase) are sine-waves phases in which the
magnetic moments are oriented approximately parallel to
the ¢ axis. This sine-wave phase which appears at Ty
should gradually transform to a square-wave modulation.
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We have analyzed the magnetic structure at 7=2.5 K
(Ty ~9 K) and have found no evidence of squaring up.
However, this point deserves further experimental inves-
tigation.

(6) We have observed the field-induced transverse sine-
wave (TSW) to longitudinal sine-wave (LSW) phase tran-
sition. The only other known such phase transition is the
temperature-induced LSW — TSW transition in Cr.

(7) A sine-wave to helimagnetic phase transition has
been observed for the first time in the phosphorus-rich
Eu(As,_, P, ); at zero applied field.

(8) The commensurate low-temperature antiferromag-
netic phase of Eu(As,_ P, ); disappears at a concentra-
tion x which lie in the uninvestigated range
0.40 < x <0.80 and gives rise to a helimagnetic phase for
higher phosphorus concentrations.

(9) The critical magnetic field for the transition to the
paramagnetic phase of Eu(As,_, P, ); decreases drastical-
ly from about 6.3 T for x=0 to 2.3 T for x=0.98. This
must be somehow related to the depletion of the charge
carrier concentration with increasing x.

(10) As a final conclusion we add that the semimetallic
EuAs; and the solid solutions Eu(As,_ P, ); shows mag-
netic behavior which is as exciting as the cerium monopn-
ictides.!! The origin of anisotropy in these compounds is
not understood at the present state of knowledge. How-
ever, the proximity of Eu 4f state to the Fermi level in
these semimetallic compounds might lead to the p-f hy-
bridization giving rise to anisotropy. More theoretical in-
vestigations to understand the magnetic properties of
EuAs; and Eu(As,_, P, ); are needed.
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