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Magnetic structure of **SmMn,Ge, as a function of temperature and pressure
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Neutron scattering, ac susceptibility, and NMR measurements have been made on isotopically enriched
1545mMn,Ge,. All the magnetic states are characterized from much clearer neutron-diffraction spectra than in
previous works, in which natural abundance Sm was used. A temperature versus pressure magnetic phase
diagram is proposed, consisting of six distinct magnetic states, including previously undetected incommensu-
rate cone structures at low temperatures and pressures. The noncollinear magnetic structures of these magnetic
phases are such that a larger antiferromagnetic component appears(@@bimplanes in the ferromagnetic
states than in the antiferromagnetic states. This observation provides an explanation for the anisotropic changes
in the lattice constant and the anomalous magnetoresistance of SaalPreviously unexplained suscepti-
bility and NMR measurements are interpreted in terms of changes to the cone structure. Changes in the Mn-Mn
spacing and magnetic coupling are consistent with previous observations on related systems.
[S0163-182698)05033-4

[. INTRODUCTION magnetoresistancéGMR) present in the antiferromagnetic
phase, AFM1. The magnitude of the GMR was about 8% for
The ternary compound SmMBe, is the most unusual a current perpendicular to the axis with a field in thec
member of theRT,X, family of naturally layered materials direction. The GMR, however, was found to be of the oppo-
(R is rare earthT is transition metalX is Si or Gg. These site sign to that found in most artificial multilayers, with
materials crystallize in the body-centered-tetragonakesistance increasing, rather than decreasing, in a magnetic
ThCr,Si, (space group/4mmn) and consist of atomic lay- field.>
ers stacked in the sequenBeX-T,-X-, with R, T, and X Despite the interest in the magnetic properties of
atoms occupying the& 4d, and £ sites respectively.The =~ SmMn,Ge,, until recently the material had not been studied
magnetic behavior of SmMGe, was explored by Fujii by neutron diffraction because of the very large absorption
et al. using dc magnetization measuremenésyd revealed a cross section of4°Sm, which is~14% abundant in natural
sequence of magnetic phase transitions. There is a transitiddm. In the recent neutron-scattering experinfenteasure-
from a paramagnetic to@axis ferromagnetic stai@M1) at ments were performed on finely powdered natural
a temperaturdl,;~350 K. This gives way to an antiferro- SmMn,Ge,, diluted with Al powder in a ratio of 1:10. De-
magnetic stat§d AFM1) below T;,~150 K and there is a spite the large background absorption, it was possible to de-
transition to anab-plane ferromagnetic ground statiemM?2) rive magnetic structures from the spectra. It was found that
at T;3~100 K. Fujii et al. postulated that the Mn-Mn cou- the simple model of collinear structures proposed by Fujii
pling within layers remained ferromagnetieM) in all three et al. was inconsistent with the data. Rather, the magnetic
magnetic phases, and suggested that the transition to the lowtructure of each phase had to consist of a noncollinear ar-
temperature FM phase, FM2, was driven by a magnetic orrangement of moments. In this paper an analysis of the much
dering of the Sm sublattice. This mechanism, however, wabetter data, provided by measurements on a sample contain-
found to be inconsistent with the small entropy change ing isotopically enriched Sm, revealed the presence of satel-
(<R/10 In 2), associated with the transitidrs well as ex- lites to the(101) line in the AFM1 and FM2 states, indicat-
hibiting reentrant ferromagnetism, SmMbe, has other un- ing the existence of a much more complicated cone structure.
usual properties. It was found from an x-ray study by Gyorgy It has been found that the application of pressure has the
etal,® and by neutron scatteriffigthat the change in the effect of stabilizing the AFM statg®’ The behavior ofT;5
lattice constant through both transitions was anisotropicas a function of pressure was measured by Leirél. using
with a larger change in the direction than in the direction.  °>°Mn NMR. The value ofdT,3/dP at low pressure was
This is unexpected if the in-plane magnetic coupling remaingound to be about-16 K/kbar, with its magnitude decreas-
unchanged through the transition. ing at higher pressure. Recently, the related system
The compound is of further interest because of the gianBmMn,(Ge, _,Si,), has received attentidit, since the par-
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tial substitution of Ge by Si provides an alternative method
of altering the effective interatomic spacing. Saha and Ali
have argued that, for changes in the nonmagnetic constituent
the main effect on the magnetic properties is likely to arise
from changes in the lattice constant. Indeed, *hE phase !
diagram of Saha and Aliis remarkably similar to thd-P 149S8m
phase diagram of Lordt al.® with an increase i of 0.1,
equivalent to an increase in pressure of about 6.6 kbar.
However, this “chemical pressure” by substitution may

(@

j 55Mn 147Sm

not have the same effect on the magnetic properties of the UL WV VT Wi
system as that obtained by the application of hydrostatic
pressure. For example, we have fotfhithat applied pressure (b) (b) x150

on NdMn,Ge, does not induce the low-temperatureaxis
ordering found in NdMgSi,. Our **Mn NMR measurements
of NdMn,Ge, under pressure have shown that there is re-
markably little change in the low-temperature magnetic
structure with applied pressure, and neutron-scattering mea-
surements suggest that applied pressure may actually in-
crease the stability of tha-b plane FM*°

NMR measurementshave shown that the’>Mn fre- ‘ b
guency of SmMMpGe, increases with increasing temperature L .
in the range 3-75 K, despite the decrease in magnetization b
by some 16%. Lorcet al® suggested that both the decrease L L L ' .
in magnetization and increase in tRéVin frequency was 100 200 300 400 500 600 700
attributable to a decrease in the Sm moment, since the trans- Frequency [MHz]
ferred hyperfine field from the Sm is positive with respect to  FiG. 1. Comparison of NMR spectrum of natural abundance
the Mn moment direction, whereas the contact interactiorsmmn,Ge, used previously(Ref. 10 and the 15%Sm enriched
with the Mn spin of the parent atom induces a predominantlysample. The inset shows that, by removing attenuators on the re-
negative hyperfine field at the Mn nucleus. A direct observaceiver, it is still possible to dete¢t’Sm and***Sm nuclei.
tion of changes in thé*’Sm and'**Sm NMR was not pos-
sible above 19 K because of the rapid increase of the trans- Il. EXPERIMENTAL
verse relaxation rate with temperature, so the authors could
not conclusively show that the Sm moment had no influence Measurements were made on a finely powdered sample of
on the AFM-FM transition af . SmMn,Ge, prepared from isotopically enriche®‘sm. The

Lord et al. also pointed out that the observed changes irsample was prepared from high-purity constituent elements.
the width of the®®Mn NMR line may reflect changes in the A stoichiometric mixture was first melted in an argon atmo-
structure of the Mn sublattice. They suggested that the difsphere using an induction furnace. The resulting pellet was
ferences in the local anisotropy of the Sm and Mn sublatticegepeatedly melted in an argon arc furnace, wrapped in Ta
and the competition between interplanar Mn-Mn interac-foil, and annealed for 5 days in an argon atmosphere at
tions, and intraplanar Mn-Sm/Mn-Mn interactions, lead to800 °C. The final sample was checked by powder x-ray dif-
noncollinearity between Sm and Mn moments. A remarkabldraction and confirmed to be single phase Smide,.
feature of the Sm NMR s that the resonance frequency at a Figure 1 shows a comparison of the NMR spectrum of the
given temperature is independent of pressure, although theatural abundance sample used in the earlier neutron-
Mn NMR frequency decreases with pressure. scattering experimeh@and the'%Sm enriched sample. The

In this paper we present neutron-scattering data, whici°Mn spectra have been approximately scaled to the same
are much clearer than it was possible to obtain in earliepeak intensity. The spectra indicate that the sample contains
works? using natural abundance Sm. We present informatioriess than 0.2% of the highly absorbint’Sm isotope. This is
on the magnetic and structural properties of Sm@g as a  consistent with the manufacturer’s isotopic analysis that in-
function of temperature and pressure, and discuss the resufiicated the presence of 0D.02 at. % *4°Sm.
in relation to the NMR, magnetization, and transport proper- NMR measurements were made using a fully automated,
ties of the system. Changes in the magnetic structure providehase-coherent swept frequency spectrometer with the
an explanation for the anisotropic changes in the lattice consample in an untuned sample ctilAll the spectra in Fig. 1
stant and the anomalous magnetoresistance of SiG&n  were produced under identical conditions of pulse spacing,
Previously unexplained susceptibility and NMR measuredength, and power conditions, optimized for tH€Sm spec-
ments are interpreted in terms of changes to the cone strutra. These conditions are overpowered for f#in nuclei
ture, and changes in the Mn-Mn spacing and magnetic cowesulting in an apparent structure to the line. The dependence
pling are shown to be consistent with previous observationsf the *Mn resonance line shape in SmpBe, on the
on related systems. A temperature versus pressure magnefiower is discussed in detail elsewhére.
phase diagram, consisting of six distinct magnetic states, is Susceptibility measurements were made using an ac com-
presented, including previously undetected incommensuratgensated coil system, with temperatures swept at a rate of
cone structures at low temperatures and pressures. less than 0.5 K min'. The high-pressure NMR and ac sus-
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350 A. Susceptibility and NMR measurements
Part of the temperature dependence of the ac susceptibil-
300 ity of SmMn,Ge, is shown in Fig. 4. The zero pressure data
are similar to those obtained in previous experiméfits,
250 with transitionsT;3=99 K and T;3=157 K. The measure-
< ments were performed at a high sensitivity to show a small
';'200 but clear anomaly af ..=153 K. The figure also shows the
E effect of the application of pressure. We have found that at
g 8.8 kbar theT,; transition has dropped to 39 K, due to the
2-150 increase in stability of AFM1. No other transitions were ob-
2 served in the temperature range 10—-270 K. The transition
100 T has been ascribed to a spin reorientafiaghpugh this
explanation of the transition is inconsistent with the neutron-
50 scattering measuremerftsThe measurements of Saha and
Ali® on SmMn(Ge, _,Si,), have shown that the transition
0 temperatureT.. is nearly independent of Si substitution.

They are able to observe this transition up xe 0.15,
0 2 4 6 8 10 12 :
Pressure [kbar] equivalent to a real pressure of about 10 kbar, however we
were not able to find this transition with ac susceptibility at
FIG. 2. Proposed magnetic-P phase diagram for SmMGe,: 8.8 kbar in SmMpGe,.
PM-Paramagnetic. FM1-FM alo@®01), AFM component in001) Zero-field NMR measurements also reveal the increasing
planes. AFM1-AFM lying along001), net FM component within  stability of AFM1 at high pressure as shown in Fig. 5. The
each(00)) plane, and additional AFM coupling between neighbors >\n NMR signal was not observable in the AFM state due
within (001) planes. AFM1c-as AFM1, with cone, propagation vec- to the disappearance of FM domain walls, which enhance the
tor in the (001) direction. FM2-FM component in thé01) plane,  opserved signal. Zero-field NMR in the FM material also
AFM coupling within (001 planes, and additional AFM coupling provided a means of monitoring the local field at tH&Sm
along (001). FM2c-as FM2 with cone, propagation vector along gnq 1495m nyclei, and could therefore give an indication as
(00]7}. The grey bars indicate speculative values for the Pressurgy \whether the FM ordering &f,5 is being driven by an
'req.wre.d to cause the cone structure to collapse. The dotted lines a&?dering of the Sm sublattice. Unfortunately, above 19 K, the
indicative of changes of pressure in the clamped cell. . . .
transverse relaxation time became too short for a Sm signal
to be observed. This prohibited a reliable extrapolation to
ceptibility experiments were carried out in a Be-Cu pressurdind the temperature at which the Sm moment collapses. In-
cell. The pressure was applied to the liquid immersed sampldirect evidence of the behavior of the Sm moment belgyv
at room temperature and locked into the cell. The cell coulds obtained from changes in tht&Mn NMR frequency and
then be removed from the press and cooled to low temperdinewidth. This is discussed below in relation to the informa-
ture. The pressure was measured using the resistance oftian obtained from neutron-scattering measurements.
calibrated semiconductor transducer. The maximum pressure
obtained at 13 K was 8.8 kbar. B. Neutron scattering at zero pressure

Neutron-diffraction measurements were performed on i i
D1B at the ILL. withx=2.52 A. Measurements were made Neutron-scattering data for measurements made at ambi-

at atmospheric pressure in a standard tube sample holdéit Pressure are presented in the neutron thermogram, Fig. 6.
and also under pressure as a function of temperature, withh€ changes in the neutron-diffraction pattern with tempera-
pressures of 5 and 10 kbar locked in to a zero matrix, floufure reflect the changes in the magnetic strucotu_re._ For ex-
rinert filled pressure cell. Measurements were made undegMPle, the satellite lines to th@0D line at 38.7° indicate
similar conditions of the lattice constants of NaCl as a func{N€ formation of an Incommensurate cone structure, and the
tion of temperature. This allowed an estimate of the pressurgPP€arance of a line at 68.5° between the nuclear peaks is
in the cell as a function of temperature to be made. Magnetifndicative of the evolution of AFM betweeh, andTs. The
structures and moments of the Mn and Sm sublattices wer@eSt magnetic structures of SmpBe,, as derived from
calculated using the Rietveld refinement progrwnLpror,  Ri€tveldt refinements, are detailed below. _

The spectra were refined under the assumption that the Sm Bélow 100 K there is a net FM component g ug) in the

moment couples FM to the FM component of the Mn sub-2-P plane, with an AFM component<2.2ug) in the c di-
|attice. rection, such that neighboring Mn moments within

plane are spin canted. Neighbors in thelirection are also
AFM coupled. A cone with a propagation vector in the
Il RESULTS direction is observed. A small magnetic moment is found for
' the Sm sublattice, oriented parallel to the ferromagnetic com-
The changes in the magnetic structure of Sm@g with  ponent of the Mn sublattice. Figuréa® shows this compli-
temperature and pressure are complicated. The proposedted structure, which we call FM2c. Changes with tempera-
temperature versus pressure magnetic phase diagram, Fig.tdre in the cone anglépen squargsand in the propagation
summarizing our results is shown as a guide, and the prinvector of the conéfilled squaresare shown in Fig. 7. Con-
ciple magnetic structures are shown in Fig. 3. fidence limits on the refinement are better than 0.004 on the
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FIG. 3. The principal magnetic phases of Smi@e,: (a) FM2c, (b) AFM1, and(c) FM1.

propagation vector and better than 5° on the cone angle. Thihe ¢ axis. Neighbors in the direction are coupled antipar-
Mn moment is 3.@g at 1.5 K and drops to 2,8; at 98 K.  allel [Fig. 3(b)]. A cone with a propagation vector parallel to
The Sm moment varies between Qug5to 0.3ug in the  thec axis is observed, with a maximum cone angle at around
same regime, as shown in Fig. 8. In zero pressure, confidend®28 K, as shown by open squares in Fig. 7. The total Mn
limits on the refinement of the moments are better thatmoment in this regime is around 6. We call this struc-
0.06ug for the Mn sublattice and better than g4 for the  ture AFM1c.
Sm sublattice. Above 154 K the structure again has a FM component
Between 100 and 154 K the Mn moments have a ne{~1.7ug). Unlike in the low-temperature FM state, how-
AFM structure. Within a-b planes, moments of nearest ever, the FM component is in tleedirection. An AFM com-
neighbors are coupled AFM, with an AFM component of ponent (~1.9ug) exists within thea-b plane, with an AFM
1.6ug in the plane, but with a FM component oxd along  coupling of this component both between nearest neighbors
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FIG. 4. Part of the temperature dependence of the ac suscepti-
bility of SmMn,Ge,, showing the presence of an anomaly at 153 K
at zero pressure. No such anomaly is observed at 8.8 kbar.

and neighbors in the direction, as illustrated in Fig.(8).
The total Mn moment in this regime is around 25 We
call this structure FM1. The refinement indicates that there
may be a Sm moment in this regime of around ;6
though as for the intermediate phad®0-154 K, a good
refinement could also be obtained with no moment on the
Sm sublattice.

Our neutron-scattering measurements have provided ir;f
formation on the thermal expansion of the system to a highe
accuracy than earlier x-ray scattering datahe data are
shown for thermal expansion in the direction, Fig. %a),
and in thec direction, Fig. 9b). On cooling throughT,,, the
a axis was found to contract by some 02@1% and was
found to expand again by the same amount gt but the

TOMKA, RITTER, RIEDI, KAPUSTA, AND KOCEMBA

PRB 58

(110

’(103)

(105,202)
(112} (200)

45

65
2 0[degrees]

85

(204
@11)

103K

151K

J 240K

105

_ FIG. 6. Neutron thermogram of SmM@e,. The principal re-
Ilections are indexed and temperatures are indicated for some spec-
tra. The regions excluded from the refinement due to background
contributions from the cryostat are indicated by the gaps in the bold
line at the base of the thermogram.

variation of a preferred orientation of crystallographic direc-
tions as a function of temperature. It was found that this

jump in the c-axis direction was an increase of 0.055 parameter followed changes in the sample volume. The re-

+.01% in the AFM state.

C. Neutron-scattering measurements under pressure

Measurements were made in the zero matiig., low

sults of the neutron-scattering measurements are shown in
Fig. 10 and are detailed below. The larger background seen
in this figure, compared with Fig. 6, comes from the pressure
cell. A reliable refinement of the Sm moment was not pos-

background, flourinert filled pressure cell with 5 kbar locked SiPle when the sample was in the pressure cell. This was due
in at room temperature. The refinement of the data from th&? the larger background and the association between the Sm
measurements made in the pressure cell allowed for thEoment and the preferred orientation parameter in the refine-

ment process.
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FIG. 5. Variation of the®®Mn NMR frequency as a function of
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FIG. 7. Changes in the cone andlgpen symbolsand propa-

temperature in the FM2 phase for a series of pressures. No signal gation vector(filled symbols of the cone as a function of tempera-
observed in the antiferromagnetic phase because of the absencetofe at zero pressukequaresand with the cell clamped at 5 kbar at

domain-wall enhancement effects. Lines are guides to the eye.

room temperaturétriangles. The lines are guides to the eye.



PRB 58

MAGNETIC STRUCTURE OF'*SmMn,Ge, AS A. ..

0.8 3
i
507 | a 2.5
% . Ama
c 0.6 A A
5] =
[+] A 2
£05 =
.'g' A
S04 Lw, 15
£03 |, 8 - ]
£ A
g 0.2 | | Sm moment asa
N
£ 0.1 0.5
(7] Mn linewidth
0 0
0 20 40 60 80 100 120

FIG. 8. Temperature variation of the Sm moment, and the Mn
linewidth. Changes in both the Sm moment and cone atagen
squares in Fig. may contribute to changes in the Mn linewidth.

Below around 70 K the structure is similar to the low-
temperature phase FM2dig. 3(@] obtained at ambient
pressure. The magnetic structure under 5 kbar, however, is 25
commensurate with the nuclear structui®., there is no
cone. We therefore call this structure FM2. The total Mn
moment is about 32z . The confidence limits on the refine-
ment with the sample in the pressure cell are about®z15

From about 73 to 230 K the structure is identical to that
observed between 100 and 154 K at ambient preddtige
3(b)]. Changes in the propagation vector are shown in Fig.
(filled triangles. Above 177 K the ordering is commensu-

Temperature [K]

Mn linewidth [MHz]
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i | 300K

45 85 105

65
20 [degrees]

FIG. 10. Neutron thermogram of SmM@e, with 5 kbar
clamped in at room temperature. Temperatures are indicated for
some spectra. The regions excluded from the refinement due to
background contributions from the cryostat and pressure bomb are

}ndicated by the gaps in the bold line at the base of the thermogram.

rate. The open triangles in Fig. 7 show changes in the cone Above ~230 K, measurements were made at around 237
angle. The total moment amounts to 26
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and 276 K. The magnetic structure is similar to that at am-
bient pressure above 154 K, with a FM component indhe
direction and ara-b plane AFM componentFig. 3(c)]. The

Mn moment decreases from the 26value as the paramag-
netic regime is approached.

Changes in the lattice parametersand c are shown in
Figs. 11a) and 11b), respectively. The abrupt changssen
most clearly for thea parameter clearly reflect the transi-
tions between the different magnetic structures.

The results of the neutron-scattering measurements for the
sample clamped with 10 kbar in the cell at room temperature
are shown in Fig. 12 and are detailed below. As expected,
the preferred orientation is larger when the cell is clamped at
10 kbar than at 5 kbar.

The low-temperature FM phagexisting as the incom-
mensurable phase FM2c below 100 K at ambient pressure,
and as the commensurable phase FM2 below 70 K with the
cell clamped at 5 kbaiis limited to temperatures below 44 K
with the cell clamped at 10 kbar. As with the cell clamped at
5 kbar, the magnetic structure is the commensurable struc-
ture FM2. It exhibits a total Mn moment of 2u§ , consist-
ing of a 2.3wg FM component in the-b plane and a 1y
AFM component in the direction.

The region of stability of the intermediate net AFM phase
[see Fig. &)], at this high pressure, has increased to 50—-280
K. The magnetic structure is the commensurable structure
AFM1 across the whole region of stability. This is unlike the
situation at ambient pressure, where the incommensurable
AFMl1c is stable, or the situation in the cell clamped at 5
kbar where AFM1c is stable below 177 K and AFM1 is
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FIG. 12. Neutron thermogram of SmMae, with 10 kbar
FIG. 11. Thermal variation of the lattice constafés in the a clamped in at room temperature. Temperatures are indicated for
direction andb) in thec direction, for the sample in cell with 5 and some spectra. The regions excluded from the refinement due to
10 kbar clamped at room temperature. The error bars are indicativieackground contributions from the cryostat and pressure bomb are
of the reliability of the refinement to the data. The refinement undeindicated by the gaps in the bold line at the base of the thermogram.
pressure includes an orientation parameter, not included in Fig. 9.

o pounds in theR Mn,X, family with intraplanar Mn-Mn dis-
stable gbove 177K. The total Mn moment in this temperaturgznces greater than about 2.85cArresponding to lattice
range is between 24 and 2.3 . spacing ofa=4.031 A have an AFM component between

At 300 K, the magnetic structure starts to show FM con-pjp neighbors in th001) planes, whereas for Mn-Mn dis-
tributions, with a coupling similar to the one depicted in Fig. tances smaller than this, the ordering in 1081 planes is
3(c). The total Mn moment h{is, however, alregdy decreasegure|y FMZI3 Figures 9 and 11 show that in the AFM1 state
to below Zug as the system is close to becoming paramagne |attice parameter in the direction is closer to 4.031 A
netic. _ . _ than in the FM1 or FM2 states, and we find that it is the

Figure 11 shows rapid changes in the lattice parameteraFmic state that has the smallest AFM component within
due_ to ther_mal expansi_on near 50 K._ These changes are agje (001) planes (1.fs compared with 2,24 for FM2 and
sociated with changes in the magnetic structure. 1.9ug for FM1). The AFM1c state also exhibits the largest

Ther(_e is no evidence of a cone structure in any of thg,et Fm component in the direction within each(001)
magnetic states when the cell is clamped at 10 kbar, and, agane. Thus the anisotropic changes in the shape of the unit
with our ac susceptibility and NMR measurements, there argg| clearly reflect the importance of the intraplanar Mn-Mn
no magnetic anomalies around 150 K under pressure. Thefgieraction. These observed changes in the magnetic struc-
is also no S|_gn|f!cant change in the thermal expansion at 15Q,e a1s0 provide an explanation of the anomalous GMR in
K, as seen in Fig. 11. the basal plarfein terms of a spin-valve mechanism. The

application of a magnetic field along tleeaxis produces a
IV. DISCUSSION metamagnetic_tre_msition from_ the AFM1c state to a FM state
(presumably similar to FMwith a larger AFM component

The data presented here provide evidence for the presengethe (001) planes.
of a cone structure in SmM@e,. The presence of incom- Figure 8 shows the low-temperature variation of the Sm
mensurate cone structures has been confirmed for a range mbment in the refinement. The figure also shows a similar
other systems with the Th&3i, structure, particularly at low variation in the linewidth of the Mn NMR signal as a func-
temperatures, and appears to arise as a result of the compn of temperature. In the earlier paper by Latal.® it
tition between intraplanar and interplanar Mn-Mn interac-was suggested that the changes in the linewidth were either
tions. Cone structures have been observed in L#B4n'°> indicative of changes in the Sm moment or were the result of
CeMn,Ge,, PrMn,Ge,, and NdMnGe,.!*> Complex incom-  changes in a noncollinear Mn magnetic structure. Our data
mensurate structures have also been observed in HBEJn indicate that there is a close correlation between the evolu-
(Ref. 14 and in La_,Y,Mn,Ge, (x<0.7)1® tion of the Sm moment and changes in the magnetic structure

Neutron-scattering studies appear to indicate that comef the Mn sublattice, including changes in the cone angle, as
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shown by the open squares in Fig. 7. It seems likely that botthe resistance data of Mallik, Sampathkumaran, and
these processes are affecting the linewidth of the Mn NMRPaulos&® and Sampathkumaran, Paulose, and Mafiik,
resonance line. The changes in f#¥n frequency with tem-  though the authors could detect no anomaly in the heat ca-
perature, shown in Fig. 5, may also be affected by both propacity. We also could not detect this transition by NMR, ac
cesses. The shape of the curve bés/ 9T? largely negative  susceptibility, and neutron scattering.

in the regime in which changes of both the Sm moment and The T-P magnetic phase diagram of Smb®e,, as pro-

the cone angle could contribute to the change of slopeposed in Fig. 2, provides a summary of the results of the
whereass?v/JdT? is largely positive in the regime in which current study. Further measurements are required to identify
the cone has collapsed. It has been nbtkdt ther versusP  the exact pressures above which the cone structures are no
curves have a change of slope at 5 kbar in the FM2 state, arldnger stable. The key to understanding the phase diagram
this may have been indicative of the disappearance of thies in an understanding of the Mn-Mn and Mn-Sm interac-
cone structure in that sample. The low-temperature congions, and how they vary with interatomic spacing. One
phase in the'**SmMn,Ge, sample may therefore have col- method of altering the effective interatomic spacing is by the
lapsed at a pressure close to the low-temperature pressurepartial substitution of the constituents. Further work is there-
the 5 kbar clamped celli.e., around 3 kbar but further fore in progress to investigate the magnetic properties and

measurements are required to confirm this. T-P phase diagram of the system SmN@e, _,Si,)».
Refinements of the neutron-scattering data indicate that a
Sm moment may be present in the high-temperature FM re- V. CONCLUSIONS

gime, though the reliability of the refinement of the Sm mo-
ment decreases with increasing temperature. It therefore re- Neutron scattering, ac susceptibility, and NMR measure-
mains inconclusive whether the FM2-AFM1 ordering is ments were made on isotopically enrichéfSmMn,Ge,.
driven by a collapse of the Sm moment. A reliable refine-This sample produced much clearer neutron-diffraction spec-
ment of the Sm moment also proved to be difficult when thetra than in a previous study using a sample containing natural
sample was in the pressure cell. This was in part due to thebundance Sm. The structure of all the magnetic states was
larger background from the pressure cell, but was also due timvestigated. A temperature versus pressure magnetic phase
the close association between the Sm moment and the prdiagram was proposed. The system behaved as a reentrant
ferred orientation parameter in the refinement process. Weerromagnet, but was more complicated than suggested in
were therefore unable to confirm earlier NMR findifigs, previous studies. The phase diagram consisted of six distinct
which indicated that the magnetization of the Sm sublatticenagnetic states. At low temperatures and pressures, incom-
was unaffected by pressures of up to 6.1 kbar. mensurate cone structures were observed. The antiferromag-
The anomaly aff..=153 K in the zero applied pressure netic state was characterized by a/g6antiferromagnetic
ac susceptibility measurements, Fig. 4, appears to correspoegmponent of the Mn moments within th@01) planes,
to the temperature at which the collapse of the cone structunehereas in the magnetic states with a net ferromagnetic mo-
is observed. As shown in Fig. 7, the temperature at which thenent, antiferromagnetic components of the moments in the
cone collapses is relatively independent of the applied pred001) planes were significantly larger (3 and 1.9z for
sure, compared with the changes ip.TThis is consistent the low- and high-temperature ferromagnetic structures, re-
with the findings of Sahat al® that T is unaffected by the spectively. This provided an explanation for the anisotropic
“chemical pressure” imposed by the partial substitution of change in the lattice constant and for the changes in magne-
Ge by Si. Furthermore, we observe no anomaly in the atoresistance in SmMiGe, systems. It was found that the
susceptibility in the high-pressure regin@8 kba) where ~ Mn-Mn spacing dropped close to 2.85 A in the antiferromag-
we observe no cone structure. It does appear, however, thaetic state, the threshold spacing below which only ferro-
the application of “chemical pressure” is not the same as thanagnetic coupling in thé001) planes has been observed in a
application of hydrostatic pressure. Saha and Aive ob-  range of related systems.
served the anomaly in SmMM{Ge, gsSiy 15, at a Si substitu-
tion corresponding to a hydrostatic pressure of 10 kbar, and
our own preliminary neutron-scattering data on
SMMn,(Ge, oSip 1), powder show no evidence for the pres- We gratefuly acknowedge the EPSRC for financial sup-
ence of a cone structure at any temperature. port and would like to thank Professor R. Cywinski for his
A further phase transition below 30 K was indicated byinterest and encouragement.
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