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Line of multicritical Lifshitz points in the phase diagram of MnP
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Lifshitz critical behavior has been reported in the orthorhombic magnetic system MnP which exhibits
uniaxial Ising-type Lifshitz point§LP’s). Two LP’s have been previously identified in the phase diagram of
MnP. One when the external magnetic fieldvas applied along the intermediate anisotropy #xithe other
whenH was along the hard axia. Both LP’s occurs roughly at the same temperat{ire~120 K) but at
different values ofH because of the difference in anisotropy along these axes. In this work we report on
measurements made with applied within theab plane, at 20° and 45° from tHe axis. The observed phase
diagram shows, near the confluence of the modulated and ferromagnetic phases with the paramagnetic phase,
the same characteristics of the phase boundaries fountdlifoandHIb. An analysis of the crossover exponent
¢, obtained from the shape of the phase boundaries near the confluence poinpg@w&l+0.02, and
T_.=119.9 K. These values are consistent with those found whénalong thea and theb axes. This result
indicates that there is a line of Lifshitz multicritical points connecting the two previously found LP’s.
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I. INTRODUCTION inside thesdc planes but moving along treeaxis a rotation

Manganese phosphidévinP) is a unique material. Its

of the magnetization direction inside thm plane occurs
from plane to plane. That is the wave vectppoints along

magnetic phase diagram exhibits several ordered phases, ifje 5 axis. At T=4 K a full rotation is completed roughly
cluding different kinds of modulated phases. It is the onlygach @2 In Fig. 1 we sketch the phase diagram of MnP
magnetic system in which a pure Lifshitz-type critical gptained when the magnetic field is applied along the
behaviot has been found and critical exponentsintermediate anisotroply axis and also along the haachxis.

measured:* Crossover from Lifshitz to Ising critical behav-

ior and other types of critical points have also been found.
Besides this, evidence of the existence of a region of
commensurate-incommensurate transitions in the phase dia-
gram was givenand the influence of nonmagnetic impurities

in the magnetic phase transitions studiéthe richness of its
magnetic behavior, the phase transitions and the observed
critical points can be simply explained in terms of the com-
petition between ferromagnetic and antiferromagnetic inter-
actions in the systefh® Thus, MnP is not only the prototype

of a magnetic system in which Lifshitz critical behavior can
be experimentally explored but is also an excellent system to
study magnetic behavior related to modulated magnetic
phases.

The Lifshitz multicritical point(LP) occurs in a magnetic
system at the confluence of a ferromagnéfcand a modu-
lated ordered phase with the paramagné#cphase. Tran-
sition from the ordered phases to the P phase are second
order. The LP divides this second-ordmbda line in two
segments. Along the modulated segment of thidine the
wave vectorg associated with the magnetic order goes con-

H//a

H//b

MnP

FIG. 1. Sketch of the magnetic phase diagram of MnP in the

tinuously to zero as the LP is approached. Hila, Hilb vs T space. The dotted line @t~120 K links the Lifshitz
points (LP’s) that occur wherH lies along thea andb directions.

served wherHlla with the triple point(TP) in the phase diagram

MnP has an orthorhombic structute=5.92; b=5.26;  jth H|b. Transitions between the ordered phase and the paramag-
¢=3.17 A) and becomes ferromagnetic at 291 K, with its petic phase are second order. Transitions between the ordered

magnetic moments aligned along the(easy axis. When
cooled below Z K a first-order transition to a spirécrew

phases are first order except for the CONE-FAN boundaries for
Hlla that is second order and ends at a CEP. Sketches of the mag-

phase takes place. In this modulated phase, the Mn magnetietic moment configuration of the modulated phases are given.
moments are confined within the planes that are perpen- They should be viewed as the projection of the moments in succes-
dicular to thea axis. The magnetic moments are parallelsive bc planes into a single point.
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This outline is based on the data of Refs. 2 and 7. Hor Il. EXPERIMENTS AND SAMPLE
applied along thé axis it is seen that in addition to the ferro
(F) and screw(SCR phases another modulated phase calledet

“FAN" is present for higher values off. In this phase the o This ensured a homogeneous internal field and as a
wave vectorq is also parallel to tha axis. The difference  onsequence sharp phase transitions were obtained. The
with the SCR phase is that here the magnetic moments dgymple was mounted at the end of a rod that was inserted
not perform a full rotation in théc planes as we move along jnside the pickup coils. The temperature was measured with
thea direction but instead they oscillate about thexis like g calibrated carbon-glass resistor mounted on the rod. The
a fan. This fan closes with increasing field until an upper thermometer was in direct contact with the sample. Fields
critical field is reached. All transitions between the orderedup to 70 kOe were obtained with a superconducting magnet.
phases are first order and the transitions to the paramagnetitie experimental setup is described in Ref. 2. In this setup
(P) phase are of second order. Figure 1 also shows the outhe temperature could be varied from 1.2 K to room tempera-
line of the phase diagram obtained whdrnis applied along ture and maintained constant within 0.01 K for long periods
the hard anisotropy axia. Both phase diagrams have simi- of time. The superconducting magnet can be tipped around
larities, but the phase boundaries in this last case occur &s vertical axis. The maximum permitted tipping angle is 4°.
higher fields because of the stronger anisotropy involved iYVe will see that this last feature is very important for our
this direction. Here also two modulated phases occur. Due teXxperiments since it will permit a good alignment of the
the absence of neutron-diffraction information for this field desired direction in the crystal with the external applied field.
configuration these phases were tentatively identified as &he tipping mechanism is described in Ref. 7.

“CONE” and a “FAN"” phase. In this latter case however ~ The ac susceptibilityy) measurements were performed
the boundary between the two modulated phBONE-  USiNg the experimental setup desc_rlbe(_j in Ref. 2. The ampli-
FAN) was found to be a line of second-order transitions ter—tUde and frequer_lcy of the modulatlon f|dziQVere 10 Qe an_d
minating at a critical end poirlCEP).° The strongest simi- 155 Hz, respectlvely. The field was applied allong the direc-
larity with the Hllb case occurs at the confluence of thetIon of the external field of the superconducting magnet.

ferromaanetic and the FAN phases with the paramaanetic All the runs were made at fixed temperature, the field was
9 . P P 9NClGaried at a slow ratétypically 7 Oe/3. The orientation of
phase. In both cases this point occurs roughly at the sa

AMfie sample in the magnetic field was done in two steps. First
temperature(121+1 K) and there, the phases boundariesy,q yesired direction in the sample was aligned with the aid
meet with the same tangent. Rdtib this point was the first ¢ ray. The sample was then glued with GE varnish to the
experimental observation of a Lifshitz multicritical point measuring rod. We estimate to within 1° the alignment be-
(LP).* In fact, both points have been shown to be LP's.qween the selected direction and field in this first step. In the
These LP’s are of the uniaxial typ@l=3, n=1, m=1),  second step the sample was oriented inside the experimental
whered, n, andm are, respectively, the spatial, spin, and setup. In this procedure we use the shape of the experimental
wave vector dimensionalities. The shape of the phase boundurves as a guide to obtain the final orientation. The goal was
aries near a multicritical is governed by the crossover expoto eliminate any component of the field along thexis of
nent ¢ through the formp~|t|* wherep andt are scaling the sample. Since theaxis is the easy axis in the ferromag-
fields that are linear combinations BfandH.!? Theoretical  netic phase, a magnetic field applied along this direction acts
predictions give¢=0.625"" The experimental analysis of as an ordering field and destroys the transition from the fer-
the phase boundaries for MnP close to the multicritical poinfomagnetic phase to the paramagnetic one. This point was
gave ¢=0.63+0.04 at the LP foH|lb,> and 0.64:0.02 for  discussed in Ref. 2. A true second-order transition is only
the LP occurring foH|la.” Other LP critical exponents have observed when the field is totally contained in the plane per-
been obtained foH|lb. These are the exponeftrelated to  pendicular to the easy axis. In the susceptibility curves this
the vanishing of the wave vectoras the LP is approached, transition is seen as a shargike singularity. A small com-
and the exponent related to the specific heat. From neutron ponent of the field along the axis will cause a rounding of
data it was foung3=0.480+0.013% which is near the theo- the curve and a shift of the “pseudo” transition to lower
retically predicted0.50 to first order in thee expansiont?  fields. This final adjustment was done at a temperature just
Experimentally it was found thak=0.46+0.03" The ex-  above that corresponding to the LP to ensure that we had a
pected value for the LP in MnP is in the range 0.42 to 3.49. ferro-para transition. The susceptibility versus field curve

The existence of these two Lifshitz points raises the queswas monitored while the magnet was progressively tipped.
tion of their connection. In this paper we investigate theThe tipping in which the sharpest transition along the ferro-
phase boundaries in the temperature region around the LPgaramagnetic boundary was observed was selected. This
when the external field is directed along intermediates direcsharpesh like peak also corresponds to the highest transition
tions contained in tha@b plane. We found that our data is field.
consistent with the existence of a line of Lifshitz multicritical ~ Experiments in which the field was applied at 20° and 45°
points connecting the two previously observed whemwas  from the b axis in theab plane were performed. The most
applied along thd anda axis. This is an experimental ob- extensive set of experimental data was taken at 45°.
servation of a line of multicritical Lifshitz points. This paper
is arranged as follows: In Sec. Il we give the relevant experi-
mental information; in Sec. lll the experimental results are
shown, and in Sec. IV we present the analysis and discussion Figures 2 and 3 show some of the data obtained when the
of the results. external applied field is in thab plane at an angl@=45°

A spherical single crystal of MnP with 5.2 mm of diam-
er was used in all the ac magnetic-susceptibility measure-

Ill. EXPERIMENTAL RESULTS
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FIG. 2. Susceptibilityy vs H curves for three temperatures 20 F S °se e i
above 120 K. The fieléH was applied at 45° from the andb axes e ® ¢ |
in the ab plane of the crystal. Note the sharpening of théike 1ol o® i i
singularity when the temperature is lowered. ° . . «®
0 1 1 ’ 1 n 1 L 1 L
with the axis. Different temperature ranges are covered in 0 30 60 90 120 150
each of these figures. The observed transitions correspond to TEMPERATURE (K)

distinct phase boundaries. The déatat shown obtained for

6:2.0 are qualitatively S|m|Iar._ - FIG. 4. Overall view of the phase diagrams measured when the
Figure 2 shc_)ws representative susceptibility curves Ne3feld was applied at 45° and 20° of theaxis in theab plane. The

the F-P transition. The temperatures are above that corre-

. ) . . - Inset shows the region close to the triple point were the screw
sponding to the observed LP \{vhen the field is applied el_the(SCR)‘ fan (FAN), and ferromagneti€FERRQ phases meet.
along theb or a axes. The\-like shape of the curves is

indicative of a second-order transition to the paramagnelighe | p temperature. There other phase transitions occurs.
phase, the anomaly is sharper close to the LP temperaturgpe (ransitions from the FAN to the P are clearly marked by
This is due, as explained in Ref. 4, to the crossover from the, ) heak iny. The sharp peak at the lower field, followed by
Ising to the Llfshlt; critical behavior of the specific-heat ex- 4 significant decrease jp corresponds to the first-order tran-
ponent as the LP is approached. , sition between the F and FAN phases. At lower temperatures
Figure 3 contains examples of the data obtained near thgq gistinctive peak of the F-FAN transition disappears and
confluence of the F, FAN, and P phases and also well below,o s,,dden drop iy remains as the sign of the phase tran-

sition. This occurs as explained in Ref. 5, because the hys-
teresis at this first-order transition increases with decreasing
7 - - - - - temperature and the amplitude of the ac modulation fiefd
a few Og becomes smaller than the hysteresis width.
The F-FAN transition fieldH,; was taken at the maximum
of the sharp susceptibility spike or, in the curves obtained at
the lower temperatures, at the point where the sudden de-
crease indM/dH begin. For the FAN-P transition fielH,
and the F-P transition fieldl, two choices for the fields can
be made. Either at the maximum of thdike peak or at the
intersection of the two tangents to the curves drawn just be-
low and above the transition. These two fields differ roughly
by 0.1% and the choice did not have any detectable influence
1L HI45° of b _ on the outcome of the analysis. Since some small rounding is
£=155Hz always present at th transition (see Figs. 2 and)3 we
L , L L . choose the two tangents method to determine the corre-
0 10 20 30 40 sponding field.
APPLIED FIELD (kOe) Figure 4 shows the phase boundaries obtained using the
criteria described above, for the two directions measured in
FIG. 3. Susceptibilityy vs H obtained for several temperatures theab plane. In the inset of Fig. 4 the region near the meet-
below 120 K. The field was applied at 45° from thandb axes in  ing of the three ordered phases, around 45 K, is detailed for
theab plane of the crystal. Transitions at lower fields are first order.the case in whicl#=45°. No correction for demagnetization
The \-like transition at the higher fields corresponds to the secondfield was applied. Estimates indicate that the internal fields
order transition between the FAN and paramagnetic phases. are roughly 1% lower than the applied field shows in the

MnP
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this model is of the same universality class as that found in
Mnp 14

Figures 4 and 5 show that the phase diagrams obtained for
both intermediate directions between theand b axes are
qualitatively similar to the phase diagram obtained whken
is applied along thé axis. It is clear that a triple poinfTP)
in which phase boundaries meet with distinct slopes is
present. In the inset of Figd a blowup of this region is
shown forH forming 45° with thea andb axes. Note that all
angles are less than 180°. This suggests that the transition to
the behavior found wheHl|la with a second-order line sepa-
rating the two modulated phases and ending at a CEP, should
occur closer to tha direction. A line of triple points starting
at Hllb should be converted into a line of CEP, ending at
Hlla (dashed line in Fig. 1 A tricritical point may occur in
this case. The other characteristics of the phase diagrams are

very similar to those observed along thendb directions.
An increase in the transition fields along all the phase bound-
aries is observed. This can be accounted for by the increase

FIG. 5. Data obtained foH applied at 45° and 20° from tHe  in anisotropy present when we move from théowards the
axis and close to the region in temperature around 120 K. Foa direction.
comparison, we also depict the previously reported phase bound- In the obtained phase diagrams the confluence of the
aries near the LP's wheH was applied along the anda crystal  modulated fan phase with the ferromagnetic and the para-
axes. magnetic phases occurs around 120 K, the temperature asso-

ciated with the two previously identified LP’s. See Fig. 5 for

figure. This correction will not affect significantly the result a comparative plot of our results with those previously re-
of the analysis. The data near the LP obtained for the 20° angorted for the LP.
45° configuration are plotted in detail in Fig. 5. In the same  The analysis of the critical behavior of the phase bound-
figure data for the configuration in which the field is appliedaries near the Lifshitz point is usually done by introducing
along theb and also along tha axes obtained from Refs. 2 the appropriate scaling axé®ear the multicritical point the
and 7 are included for comparison. boundaries obey the relatiar-C|p| ¥4 wherep andt are the
scaling axes aneg the crossover exponent. The usual proce-
dure is to choose thp axis tangent to the phase boundary at
the multicritical point(MP).1® Thet scaling axis can be taken

In MnP the existence of the modulated phases has beexlong any other direction but the optimal choice is to select
interpreted in terms of the competition of ferromagnédip one for which the range of the fit to the above relation is
and antiferromagneti€J,) phenomenological exchange in- maximized: Here we choose, as outlined in Refs. 1 and 2, the
teractions that occur along tleaxis®® the ratiok=J,/J, is  t axis as parallel to the field axis. The origin of the scaling
found to be a function of the temperature. These data weraxes is selected at the MP. We refer to Fig. 17 of Ref. 2 for
obtained from the analysis of neutron-diffraction measurea sketch of the scaling axes in this case.
ments of spin-wave dispersion curves. In this analysis, it was As discussed in Refs. 1, 2 we assume that all the phase
assumed that the Mn ions are coupled ferromagnetically inboundaries, including the first-order one obey the same equa-
side abc plane, that the coupling with ions in nearest- tion with different amplitude€ but with the same crossover
neighbors planes perpendicular to theaxis is also ferro- exponents. We adopt here the simplifying assumption that
magnetic withJ;>0 and with Mn atoms in next-neighbors the p axis is parallel to the temperature axis-(T-T,)/T,,
planes is antiferromagnetic with<<0. The resulting analysis (see Figs. 4 and 5 to verify that this assumption is well sat-
shows that the ratioe varies fromx=—0.23 at 200 K to isfied. This procedure was already applied in Refs. 1, 2, and
xk=—0.27 at 70 K. This ratio is also virtually not changed by 7. As commented above, theaxis is taken as parallel to the
an applied magnetic fieltH.® It is well known that such magnetic fieldt=(H-H_)/H . It follows from these as-
competing interactions give rise to modulated structuresumptions that at a givem below the LP temperature the
when their ratio exceede=—0.25 (a mean-field result In  difference between the values of the second-order transition
MnP this value of ratio occurs around 120 K, the temperaturdield H, between the FAN-P phases and the first-order ferro-
where the LP is observed. This is what makes MnP a uniquéAN transition field H; follows the relation
system, since it is naturally tuned around this critical value oH,-H,;=B(T -T)Y%.
k. Sincex is T dependent the temperature plays the role of The analysis of the behavior of the phase boundaries be-
the « variable in the corresponding theoretical phase dialow but near the LP was done through a least-squares fit to
grams of systems with competing exchange that exhibits &I)\-H1=B(TL-T)1’¢. The analysis was mostly done on the
LP. The role of the thermal axis is played by the magneticdata for the configuration where the field was applied at 45°
field as discussed in Ref. 2. A simple model that is relevanto thea andb axes because this set of data is more extensive.
to MnP and that exhibits a LP at the ratie=—0.25 is the We did fits with different numbers of experimental points
anisotropic next-nearest-neighbors Ising mdddihe LP of  that were in a range of temperatures extending from a mini-

TEMPERATURE (K)

IV. DISCUSSION
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TABLE I. Results for the different fits applied to the data fbr

at 45° from thea andb axes. The columns correspond to the tem- 15 ’ ) ' ) '
perature range specified By,,, the number of points included in
the fit, the besf| , and the best crossover exponeht MnP
Range Data
Fit no. Tmin points T, (K) o 10 o Hi20°fromb
1 90.1 22 119.5 0.6352 3 ® H//45° from b
2 95.3 21 119.6 0.6265 =
3 96.2 20 119.7 0.6196 J,Z:
4 100.2 19 119.8 0.6129 T 5}
5 102.1 18 120.2 0.5809
6 103.6 17 120.4 0.5633
mum temperaturd ,;, to the temperature that includes the 0 ) 300 110 120

point closest to the LP. For each range several fits were done
in which T, was fixed and and ¢ were the fitted parameter.
The value ofT| was changed in one-tenth of a degree incre-
ments and for each range; tfie for which the analysis gave FIG. 6. The solid curve represents the best fit obtained for the
the best fit was selected. Table | summarizes the results ghase boundaries near the multicritical point for the two directions
the fits for the six ranges selected. The minimum temperaturef the applied field. The width of the FAN phase at a giveis the
Tmin, the number of points included the best valueTef fitted quantity(see text The values of the parameters are quoted in
found for each range as well as the crossover exponent offie text.

tained for this besT, are shown. Taking a weighted mean of

these results using the dispersions of the fits as weighting

factor we obtain for t.h'? 45° confl_gurat|qﬁL:119.9io.4, axis b. In particular in the region of the confluence of the
and ¢=0.61+.02. A similar analysis applied to the less ex- qqylated, ferromagnetic, and paramagnetic phases the ana-
tensive set of data obtained fbr at 20° from theb axis in  |ytic pehavior found for the phase boundaries measured
the ab plane gave:$=0.60+0.02 whenT_ was fixed at through the crossover exponeitis the same as that ob-
119.9 K. The results of these fits are graphically plotted intained when the field is app“ed a|ong tbeand also a|0ng
Fig. 6 where the width of the FAN phas¢,-H, is plotted  thea axis. This is strong experimental evidence that the two
againsfT. The solid lines were traced with the best-fit values.Lifshitz points previously found whehl was applied along
The obtained values foF_ and ¢ are consistent with those these two principal directions are connected by a line of mul-
measured for the field applied along the intermediatend ticritical Lifshitz points.

hard a anisotropy axes. This strongly suggests that the Lif- The triple point that occurs when the three ordered phases
shitz point behavior observed when the external field is apmeet wherHllb is also observed when the field makes a 45°
plied along these two principal directions is shared also bywith this axis. This implies that the possible occurrence of a
the intermediate directions contained in #iteplane and that tricritical point (i.e., at the connection of the line of first-

we are in the presence of a line of multicritical Lifshitz order points with the segment of the line of critical end
points. pointg should occur closer to tha direction. This is pres-

ently under investigation.

TEMPERATURE (K)
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