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Effect of cobalt doping on the magnetic properties of the spin-Peierls cuprate CuGeQ
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The magnetization of single crystals in the system,(GCa)GeO; has been measured for compositions in
the range 0.008x=<0.0547. These crystals exhibit paramagnetic behavior, which has been fit with a Curie-
Weiss expression to determine the effective momeng) along the three principle crystal directions. Bor
<0.0225, the spin-Peierls transition is apparent in the magnetization data, with the transition tempe&ggture (
decreasing with increased cobalt doping. k&r0.0204, an anisotropic magnetic transition occurs below 6 K,
and is attributed to three-dimensional long-range antiferromagnetic ordering. When the field is directed along
the ¢ axis, spin-flop behavior is observed at a critical fighd,(x,T)] for temperatures less than the élle
temperature Ty). Due to the strong paramagnetism in this systdig,and Ty, as a function of cobalt
concentration were measured with single-crystal microcalorimetry. The effects of cobalt doping are discussed
with respect to recent reports of Zn, Si, and Ni dopif§0163-182807)03841-1

. INTRODUCTION same. As the doping level increasel,, is suppressed.
Above a certain doping level, a ‘Mestate forms[three-

Since the recent discovery of the spin-Peierls transition irdimensional(3D) long-range antiferromagnetic ordewith
CuGeQ by Hase' a good deal of research has been carriedr < T, and coexists with the spin-Peierls ord@Associ-
out on the pure compound, and on variations of the comated with the Nel state is spin-flop behavior when the ap-
pound achieved through chemical substitution. Much of theplied field is along thec axis. As the doping level is in-
research thus far has focused on confirming that the transereased further, the spin-Peierls order is destroyed, and the
tion is a spin-Peierls transition, and that the other propertiesleel temperature reaches a relatively constant value.
are consistent with that hypothesis. Perhaps the most intrigu- Despite the fact that the results of doping have been stud-
ing property is the formation of a dimerized spin-zero groundied for several dopants, and the results are consistent, there
state below the spin-Peierls transition temperallyg The are several reasons to study the effects of cobalt doping as
measured susceptibility falls sharply to a small temperaturereported in this paper. The addition of spin-3/2 dopant to the
independent constant value beldl, which is consistent CuGeQ system not only makes a nonmagnetic ground state
with a spin-zero singlet state. The explanation, that the sinimpossible, but also, the resulting effective moment will be
glet state arises due to stronger coupling between the two Cdistinct from the Cé&" spin-1/2. If one assumes that dopants
ions of each dimerized pair, is further supported by the meaform S,,+ Sc, spin states, the ground state for Ni doping
sured singlet-triplet energy gap structure, which has beewould be spin-1/2, which is not distinct from the copper
confirmed by neutron scatterifg. spin-1/2. Cobalt doping on the other hand would lead to a

Evidence thatTg, can be increased was reported by spin-1 ground state in the vicinity of the dopant.

Takahash?, who found thatTg, increases with increasing

pressure. Detailed Raman Scattering analySiS by AGLB‘"' II. SAMPLE PREPARATION AND CHARACTERIZATION

fied the increase, reporting the highest value td =25 K

at 3 GPa. Several additional papers report the effect of pres- The (Cu_,Co,)GeO0,; crystals were grown using the self
sure on the spin-Peierls systém. flux method, with an additional 10% by mass of CuO and

As is tradition, the process of doping this compound toC0;0,. The charge was 10 g. The off-stoichiometric mixtures
change its properties began immediately after the initial rewere well ground and placed in a platinum crucible. The
port by Hase, and one of the motivating questions is clearpowders were rapidly heate@00 °C/h in air to 1180 °C.
What would happen if some of the Cu spin-1/2 ions wereAfter holding at that temperature for 8.0 h, the melt was
replaced by ions with different spins? In general, doping isslowly cooled(2 °C/h) to 880 °C, and then rapidly cooled
an effective way to study the physical properties of a system(300 °C/h to less than 100 °C. Individual crystals were me-
Since the spin-Peierls transition is driven by the coupling ofchanically isolated from the melt. The nominal compositions
phonons to magnetic excitations, replacing some spins magrown includex= 0.000, 0.0005, 0.005, 0.010, 0.020, 0.030,
well affect the transition. 0.035, 0.040, 0.050, and 0.080.

Within a few months, the results of Zn doping were For a 2.98% cobalt single crystal, the space group was
published® followed by Ni*~*2Mg,*® and Mn doping? on  confirmed to be consistent witRhmmusing single-crystal
the Cu site. Several authors have reported results for Si doperay diffraction!® The lattice constants arec=0.4796(2)
ing on the Ge sité>14-1" Additionally, many substitutions nm, b=0.8465(4) nmc=0.29468(2) nm.
were cataloged by Weidéfijncluding Ti on the Ge site. For A commercial wavelength dispersive electron micro-
the dopants studied thus féZn, Mg, Ni, Mn, Si, the effect prob&® was used to determine the actual composition of the
of doping on the magnetic properties is qualitatively thecobalt doped CuGegxrystals. Polished single crystals were
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6 ——— —T— , — were zero-field cooled, although no hysteresis was observed
+ ] in data acquisition sequences composed of both field-cooled
5 F . and zero-field-cooled measurements. Measurements of single
E : ] crystal samples from each composition were made with the
S4F 1 applied field directed along each of the three principle crystal
© [ ] axes, in turn. In addition, different crystals from the same
o 3F i * é . melt were measured and compared, and no significant differ-
£ $ ] ences were found.
g 2r ; ] The molar susceptibility along the axis as a function of
= s ] temperature is shown in Fig(& for ten crystals of varying
1 F } = composition. The effect of cobalt doping on the magnetiza-
[ é ] tion data for all compositions is to add a very strong para-
L — magnetic component. Over large ranges of magnetic field
o 1 2 3 4 5 6 7 8 9 (0—55000 Ogand temperatur€—-300 K), the magnetization

Nominal % Cobalt of these samples is directly proportional to the cobalt con-

centration in (Cy_,Co0)GeQ;, for x<0.0269. For x

FIG. 1. The doping level as measured by electron microprobe=0.0269 &=0.0269, 0.0298, 0.0313, 0.0547 have been
versus the “nominal” doping level for the (Gu,Co,)GeGQ; single  measuref the magnetization does not change significantly
crystals described in this study. The error bars indicate the range afith x.
measured values. Two additional features of the susceptibility along the

axis are apparent in the data. First, the spin-Peierls transition

sampled 10-15 times along a line roughly 1 mm long. As isis clearly visible atT~14 K for x<0.0204 in Fig. 2c).
shown in Fig. 1, the average measured values differ from thgecond, fox=0.0225, a cusp is evident in the ranfe2-5
nominal values above 2.0%. This indicates the approach to g in Fig. 2(b). This cusp is not nearly so evident in the
cobalt solubility limit for the particular crystal growth tech- measured susceptibility along the other two crystal axes.
nique used to produce all of the crystals discussed in this The magnetization af=2 K along thec axis as a func-
report. Higher Co doping levels might be achieved withtion of magnetic field is shown in Fig. 3. It is clear from the
higher peak temperatures, or by using a modified growtijata that the saturation magnetization is affected strongly by
technique. the cobalt doping level. For=0.0269, the onset field of the

As will be discussed later, the cobalt doped crystals shovépin-flop feature af=2 K is H,=7800 Oe. Although the
a strong paramagnetic signal. Since the published magnefiata are not shown, we have found that £ 0.0225, the
zation data on Zn doped crystéiglo not show this strong spin-flop transition onset field &t=1.7 K is H,= 2800 Oe.
paramagnetic response, there are two possibilities. Either th@easurements along the other crystal directions in all cases
cobalt doped crystals are not high qualihaving paramag- do not show this feature, as expected.
netic impurities, crystal defects, or the cobalt ions are not  versusH of 2.98% sample was measured along the
substituting on the expected €usite) or the paramagnetism axis for several temperatures between 2 and 5 K, as shown in
is due to the addition of cobalt ions in the copper chains. IrFig. 4. The data show the critical field for the spin-flop tran-

order to eliminate the first possibility, we grew nominal 4.0%sjtion increasing with increasing temperature, as expected.
Zn crystals, to compare to published results. As with the

cobalt doping, the actual doping level is less than the nomi-
nal value. The magnetization of the resultant crystals is B. Specific heat measurements

qualitatively similar to data published for 2.0% Zrand Due to the dominant paramagnetism in this system, it was
electron microprobe measurements revealed the actual Corgisicyit to determine the various transition temperatures
position to be 2.4%:0.4% Zn. More importantly, there is not ¢, the magnetization data. Therefore, theeNemperature
a significant paramagnetic background for the Zn-doped,q spin-Peierls  transition temperature for  the
single crystal. These results indicate that the paramagnett(‘Culi Co,)GeO; system were determined by single crystal
response is likely due to cobalt ions replacing copper ionsmicrof:(alorimetry. The measurements were carried out using
and not a crystal anomaly associated with the self-flux,e rejaxation method with a custom microcaloriméter.
method used to produce the crystals for thls investigation. Using this technique, the total heat capacity of the sample
Polycrystalline sampl_e_s were synthesmed for the Samﬁlus the addenda is measured, and the heat capacity of the
range of cobalt compositions as the single crystals, €00  g4qenda is subtracted. Included in the addenda heat capacity
=0.050. Stoichiometric mixtures of GeQCUO, and Cg0; 5 5 small amount of grease used to link the sample thermally

were well ground, pelletized, and fired twice at 950-100 °C,y the addenda. For this study, the empty addenda plus

for at least 24 h, with an intermediate grinding. grease was not measured before measuring each sample. A
small error is therefore introduced due to variations in the
IIl. EXPERIMENT AND ANALYSIS amount of grease used for each measurement to link the crys-

tals thermally to the addenda. The heat capacity of each crys-
tal was determined by subtracting from the total heat capac-

The magnetization as a function of temperature and fieldty, the measured heat capacity of the addenda loaded with a
was measured in a commercial superconducting quantum iriypical amount of grease. Thus, although there is good rela-
terference device(SQUID) magnetomete?® All samples tive agreement among data for different cobalt compositions,

A. Magnetization
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FIG. 3. Thec-axis magnetization of (Gu,Co,)GeG; single
crystals as a function of magnetic field B2 K. The spin-flop
feature is evident forx=0.0269. Thex=0.0269, 0.0298, and
0.0313 data are nearly identical.

magnetic phase diagram determined from the specific heat
measurements is presented in Fi(c)5
Three additional features of the specific heat data are
worth noting. The first observation is that the spin-Peierls
feature clearly decreases in magnitude and broadens with
R + it i increasing cobalt concentration, especially foe0.0225.
2 3 4 5 6 7 8 The second observation is the sharp difference between the
Temperature (K) x=<0.0225 data and the=0.0269 data. For the spin-Peierls
' ] transition, we expect an exponential component in the heat
capacity belowT s, due to the singlet-triplet energy gap. This
is clearly visible forx=0.0225, but thex=0.0269 andx
=0.0298 data look very linear all the way down to the 5.2 K
ordering temperature. Lastly, the 2.69% data, as shown in
Fig. 5b), have a second low temperature peak below 2 K.
This is consistent with the slight bending over of the low
temperature susceptibility below abbduK for x=0.0269, as
shown in Fig. Zb).

Susceptibility (10°3 emu/mol)

Susceptibility (10" emu/mol)

4 T T T L
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Temperature (K) s 3 F i ig%
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FIG. 2. The c-axis magnetic susceptibility () of .g 2k s
(Cuy, _,Co,)GeO; measured withH=100 Oe for various doping E : .
levels. Expanded views of the susceptibility highligh) a low- < 15 ¢ 14
temperature ordering transition ard the spin-Peierls transition. & 12
Points have been removed to simplify the plots. § 1
05 08¢
) A ) 0806 07 08 05 1T I 4
the data presented here are not intended to be quantitative 0 s — - — S ; s "‘ e ; —

the purpose is merely to determine transition temperature .
Quantitative measurements of specific heat of these com- H (107 Oe)
pounds have been initiated.

The masses of the single crystal samples were between gig. 4. Thec-axis magnetization of a (Gu,Ca,)Ge0; single
1.9 and 6.5 mg. The specific heat as a function of temperaystal withx=0.0298 as a function of magnetic field for several
ture is plotted for several values of cobalt concentration inemperatures. The inset is a magnification of the 6000~14000 Oe
Figs. 5a) and 3b). It is clear that the spin-Peierls transition region, showing the temperature dependence of the spin-flop critical
temperature decreases with increasing cobalt doping. Thigeld H...
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(a) 1 tion is to assume that belowW,, spin impurities )
F —©—0.00% ] dimerize with unpaired copper spinSq) to form Sy,
- 8—094% ] +Scy Spin states. A statistically insignificant number of

- —.-—3.(2)‘5‘2 h SimpT Simp dimers would also form. The remaining copper
[ o 2:69% ] spins behave as spin-0 dimers beldy,. If we apply this
[ - 2.98% ] view to the cobalt spin impurities, the addition of cobalt

[ ] (Simp=23/2) and copper $¢,=1/2) spins yieldsS=1 or 2.
i ] Since the coupling along the chain is antiferromagnetic, the
[ ] S=1 state would be energetically preferred. Thus, if the
[ ] cobalt-doped system were consistent with the simple picture
; described above, the magnetic susceptibility should follow
e L ] the Curie-Weiss law, with an effective moment similar to
9 10 1 12 13 14 15 16 17 that of NP*, which isS=1.
Temperature (K) It is clear from Fig. 2a) that there is a strong paramag-
T T netic component to the measured susceptibility. Therefore,
(b) < ] independent of any hypothesis, Curie-Weiss fits will give
] clues to the mechanism behind the paramagnetic behavior.
dj‘;_ However, there are several factors that restrict the tempera-
r

Specific Heat (arb. units)

o
OOV%@V(VXQ@C%%W% ' ture range over which the susceptibility can be fit with the
Curie-Weiss law.

[ e 1 First, when fitting the data, there is no simple analytical
i vV ] form for the spin-Peierls transition, and this transition pro-
I 6&88 duces a significant kink in the low cobalt concentration (

i ’“:AA““A ‘pg@ <0.023) data. Even in the pure compound, the spin-Peierls
[ 0.,,.,.3“00 ] transition affects the susceptibility well beloW,, starting

[ ] at about 5 K. This is due to thermal excitation of the triplet
state. From neutron scattering resdlthe energy gap be-
tween the singlet and triplet stata& is 2.0 meV at 5 K, and

kg(5 K)=0.43 meV. For (5 KkT=<T,,, the spin gap is

Specific Heat (arb. units)
o
o
o)
40
<

1 2 3 4 5 6 7 8
Temperature (K)

sp
U — decreasing while thermal energy increases, so the spin-1 trip-
+ (¢©) 1p short-range ] !et states _become pop_ulated well beldyy,. _Likewise, there
[ antiferromagnetic ] is not a simple analytical form that describes the broad fea-
—F order ] ture near 50 K.
%ok ] Finally, Curie-Weiss fits should be done well above the
e | ] ordering temperature; in this case, the eNeemperature
= B . .
30 Spin-Peierls Order (.TN).' Smce_ the h!gh—temperature d&fﬁ)—.300 K cannot be
g ] fit with Curie-Weiss, we are forced to fit the data near the
Esf pEEes 3 ordering transition. Fox=<0.020, the ordering temperature is
= ] below 2 K. At 2 K, withH =100 Oe,uH/kgT=p¢(0.0034).
f ——T,, 3-D long-range Therefore, 2.6T<4.0 K is a valid region to use Curie-
- antiferromagnetic ] .
f —a—Ty P order ] Weiss forx=<0.0204.
oL T T ——— The Curie-Weiss expression,
0 05 1 1.5 2 25 3 35 4
Actual Composition (% Cobalt) C
Xmolar:m+)(0: .
FIG. 5. The zero-field specific heat of (CyCo,)GeGC; single (1)
crystals for several cobalt concentrations. The vertical scale is not ,uéNspinngﬁ
shown because the addenda specific heat was not measured before C= 3kg ,

each crystal was measured. These plots highlightthe depen-
dence of the spin-Peierls transition temperature on the nominal cavas used to fit the single crystal and polycrystalline molar
balt doping level, andb) low-temperature magnetic ordering peaks. susceptibility data. Herey, is the temperature independent
(c) is the magnetic phase diagram as determined by specific hegusceptibility, Ty is the Curie-Weiss temperatur€, is the
and magnetization measurements. The dashed lines are extrapo@urie constant, andllgins is the number of cobalt spins per
tions. mole, which was calculated from measured doping levels.
Thus, as suggested above, we are assuming that the number
IV. ANALYSIS AND DISCUSSION of spins contributing to the observed paramagnetism in the

region 2<T<4 K is equal to the number of cobalt ions in
the system. The data and fits are shown in Fi@).6The fit

The motivation behind doping the CuGg®ystem with  parameters for the-axis data are shown in Table I. The fits
cobalt was to investigate the effect of impurity spins on theare very stable with respect to changes in the fit range. For
ordered spin-Peierls state. A simplistic picture of the situaexample, for the 0.94% Co data, extending the fit to 7 K

A. Paramagnetism
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FIG. 6. The c-axis magnetic susceptibility (a) of

(Cu, _,Co,)GeO; single crystals measured witH=100 Oe for
various nominal doping levels, with Curie-Weiss fit, emphasizing
the spin-Peierls feature. The inset shows the same subtraction
higher temperaturegc) is a plot of gC/ug?vs Ngpins for the a-,
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constant as a function of composition fae=0.010. The
single crystal data along the and b axes also show an
upturn in the Curie constant for>0.010. Thus linear fits to
the single crystal data are restricteckts 0.010. The slope of
the linear fit is equal to the effective number of Bohr mag-
netons squaredpiy)?. The result isp.s=3.4 for the applied
field parallel to thec axis. Representative experimentally de-
termined values ops for CU?*, Ni?*, and C8" are 1.9,
3.2, and 4.8, respectively. Thus, the experimentally deter-
minedp. for this system along the axis is closest to Ni",

a spin-1 ion. With the field along the axis andb axis, the
results arep.s=4.5 and 4.3, respectively, as shown in Fig.
6((();2). These values are closer to the effective moment of
Co*t.

The difference between the effective moments along the
three crystal directions is probably a result of crystal field
anisotropy. The existence of a spin-flop transition alongcthe
axis in this system is evidence of anisotropy. Additionally,
for pure CuGe@, neutron scattering has shown that above
Tsp, the CE' spins are aligned along the chadhwhich
implies a preference for the axis. Therefore, it is plausible
that crystal field anisotropy forces unpaired copper spins to
remain aligned with the axis even when there is not long-
range antiferromagnetic order.

To support the findings of the Curie-Weiss fitsyt@ersus
T, the magnetization versus magnetic field data were also fit.
The Brillouin function[ B;(x)] was used to fit the effective
number of Bohr magnetons per cobaltioiM/ugNg versus
x'=gugH/2kgT for T=2 K along all three crystal di
rections. Actually, the fitting equation isM/ugNg
=(J)B;,(x"), and the only free parameter is the total angular
momentum quantum numbed)( It was assumed thag
=2, although the actug values along the principle axes are
almost certainly greater than 2, especially along dhaxis.
The fits were done for €H<10000 Oe.

One problem with the fitting is that ad increases, the
spin gap between the singlet ground state and one of the
triplet states decreases. Thus, singlet-triplet excitations
would be expected to make a shallow-sloped contribution to
the magnetization as a function of field, which reduces the
quality of the Brillouin function fits. We are assuming that
the nominal number of Co ions in the system is correct, and
the Co ions are the main contribution to the magnetization.

The values of] along the principle axis directions ob-
tained from the fits are shown in Table Il, and are consistent
with the results of the Curie-Weiss fits. The effective value
of J perpendicular to the axis is larger than the effective
yplue ofJ parallel to thec axis. Generally, remembering that
theg=2 assumption is an underestimate of the acguahl-

b-, andc-axis Curie-Weiss fits to the single crystal molar suscep-Ues, especially along the axis, the Brillouin function fits

tibility. Also shown are data for polycrystalline Curie-Weiss fits.

indicate 1.6<J;ppa<1.5.

The slope of the linear fit is the effective number of Bohr magne-

tons squaredy.) 2. The results arp.4=4.5, 4.3, and 3.5 for tha,
b, andc axes, respectively.

B. Three-dimensional long-range antiferromagnetic order

There is another reason to fit the data with the Curie-

reduces the Curie constant by less than 10%. In generalVeiss expression. It is clear from Figia®that the paramag-
reasonable changes to the fit range change the Curie constargtic contribution overwhelms other magnetic behavior in

by less than 10%.
Figure Gc) is a plot of gC/ug? versusNgpins. As the
plot shows, Curie-Weiss fits to a range of polycrystalline

this system. Subtracting the paramagnetic term will make
other magnetic behavior more explicit. In particular, the
spin-Peierls transition and the additional ordering peak vis-

compositions demonstrate a dramatic upturn in the Curiéble in thex=0.0225 data.
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TABLE I. The parameters associated with Curie-Weiss fits to the susceptibility for_(Co,)GeO;
single crystals measured along thexis. The applied field was 100 Oe.

X (actua) Fit range(K) C (emu K/mo) Tew (K) Xo (emu/mo)
0.0005 2.0-4.0 0.00074 0.0693 343
0.0055 2.2-4.0 0.00958 —0.105 21274
0.0944 2.0-4.0 0.01293 —0.182 4584
0.0204 2.3-4.0 0.02828 —0.433 32274

After subtracting the Curie-Weiss term from the suscepti-antiferromagnetic ordering peak, there is a discontinuity in
bility, several observations can be made. First, a close-up dfl versusH (Fig. 4) which resembles a spin-flop transition.
the spin-Peierls regioffig. 6(@)] confirms thafl s, decreases Similar transitions have been measured for 4% Zn-doped
with cobalt doping, and that the magnitude of the spin-crystals by Hasé! and 0.7% Si-doped crystals by Poirfér.
Peierls feature is virtually unchanged upxe 0.0094, but  With cobalt-doped crystals, the transition M versusT oc-
starts to decrease witk=0.0204. This supports the specific curs forx values of 0.023 and above. As noted earlier, for
heat data, and implies that fae=0.0204, the fraction of Cu 2.25% Co, the initial deviation from lineal versusH oc-
ions that changes from spin-0 behavior to 1D antiferromageurs at about 2800 Oe fdr=1.7 K. For 2.69%, 2.98%, and
netic ordered spins afg, is decreasing ag increases. A  3.13%, the discontinuity iM vs H occurs at about 7800 Oe
possible explanation for this is that some fraction of the Cufor T=2 K. The critical field for this transitiomd .(T,x) has
ions is not in the spin-0 state beloW,. Specifically, we the expected(see Appendix temperature dependence, as
suggest that fox=0.0204, some fraction of the Cu ions shown in Fig. 4; namely, it increases as temperature is in-
participates in 3D long range antiferromagnetic order below

LI L B s e e

Tsp- Thus the change in susceptibility &, will be smaller. 45 P

Second, as shown in the inset of Fig&)and 7b), there =
is a broad hump in the cobalt-doped magnetization data afte E
the Curie-Weiss contribution has been subtracted. This fea E
ture is suspiciously close to the brode-50 K hump in the
undoped compound, which may be due to short-range 1L
antiferromagnetic ordering.

Finally, in the low-temperature magnetization data shown:
in Fig. 2b) one can see that for concentrations of 2.25%,
2.69%, 2.98%, and 3.13% cobalt, there are bumps in the
magnetization af =2.5, 5.0, 5.2, and 5.2 K, respectively.

As an example of the cobalt case, consider the 2.98%%
magnetization data, which are plotted along the three crysts

usceptibility (103 e

(a)

—e— Hll a-axis ]

--® - Hll b-axis ]
---a-- Hll c-axis

directions in Fig. 7a), along with a Curie-Weiss fit to the > 6 7
data. Although not shown, the Curie-Weiss fit extends over Temperature (K)
the temperature range 5.5-100 K, and the fit is very good » 2 = T T
Figure 1b) presents the same data with the Curie-Weiss fit ., (b) ]
subtracted. The subtraction shows that below 5.2 K, theg 0 [ _,--'!““""M““A‘“A!
c-axis magnetization is much smaller than values obtainec® > L (e :
for the other two crystal directions, and that the magnetiza-'E ) ® A% 02 = : ]
tion changes sharply at 5.2 K. This is consistent with 3D 3 4 F a o5k P 3
long-range antiferromagnetic ordering. ' 'n . oa bo0° b ER
Associated with the low-temperature anisotropic transi-3 -6 [ 005 [ vop®n, “ ]
tion in M versusT, which appears to be a 3D long-range S s L 0 } °°au:_ 1]
- o n ]
TABLE Il. The effective value of], the total angular momen- ,.,“E’ o0s; % 88y 1
tum quantum number, for cobalt in (€u.Cao)GeO; with the field g -10, B S !100 ]
directed along the three principle crystallographic axés, (J,, = .12 . ! e ! A

andJ.) as determined from Brillouin function fits to single crystal

3 5 6 7
magnetization data. The fits were done feeld<10000 Oe. Temperature (K)
X Ja Jp Je
FIG. 7. The magnetic susceptibilityp) of a (Cy_,Cao,)GeO;
0.0005 2.00 1.54 1.27 single crystalx=0.0298, measured witH =100 Oe along each of
0.0055 2.14 1.78 1.39 the three principle crystal directions, and Curie-Weiss fits to the
0.0094 1.88 1.38 1.26 data. The ordering peak is &t-5.2 K, and the fits were done over
0.0204 1.85 1.30 1.15 the range 5.5T=<100 K. (b) is the susceptibility along each axis
0.0225 1.85 1.40 1.30 minus the Curie-Weiss fit, showing the anisotropy of the ordering

peak. The inset shows the same data for higher temperatures.
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creased. The existence of the spin-flop transition is furtherange antiferromagnetic order and spin-Peierls order at low
proof that the low temperature ordering peak in the suscepiemperatures. Our cobalt-doped samples exhibit similar be-
tibility corresponds to 3D long-range antiferromagnetic or-havior. The antiferromagnetic ordering peak is visible in the
der. specific heat data and the susceptibility dataxer0.0204.
Having established that this system order antiferromagThe spin-Peierls transition is also visible in the specific heat
netically, we turn to the origin of the antiferromagnetic or- and susceptibility data fox<0.0225. In addition, thex
der. There are several indications that the Cu ions must par0.0269 andx=0.0298 specific heat data show a very
ticipate in the antiferromagnetic order. Distorting the Cusmall, broad feature at about 8.8 K, which could correspond
chains by doping Si on the Ge site, or by replacing some iongo the spin-Peierls transition. Whether or not there is spin-
in the Cu chain with Zn, Ni, Co, or Mn leads to antiferro- Peierls order fox=0.0269, our data show the presence of
magnetic order above some threshold doping level. The dogbsoth 3D long-range antiferromagnetic order and spin-Peierls
ing levels for which the system orders antiferromagneticallyorder for a range of compositions. Fukuyama has shown that
are so small that the magnetic interaction between doparmisorder caused by impurity doping in this system can lead to
ions could not by itself lead to ordering at temperatures ashe coexistence of 3D long-range antiferromagnetic order
high asT=2-5 K. Perhaps most convincing is that the Znand spin-Peierls ordéf. The cobalt doping levels in this
doped compound orders antiferromagnetically despite thetudy are similar to the Si and Zn doping levels discussed in
fact that Zn has no magnetic moment. Therefore, it appearsis paper. More measurements are needed to determine
that at least some fraction of the Cu ions must participate irwhether the spin-Peierls transition occurs abave0.030,
the three-dimensional long-range antiferromagnetic order. and the nature of the spin structure at various temperatures.
A plausible picture for a fraction of the Cu ions partici-
pating in the Nel state is as follows. A magnetic moment is
induced in the Cu chain in the vicinity of impurities. There is V. CONCLUSIONS

a length scale associated with these regions, and once the \ye have measured the magnetization along the three prin-
doping level is high enough for the regions to overlap, thegjpje crystal directions as a function of field and temperature
system orders ant|ferromagnetlcally_. Thls_ picture is supsqy polycrystalline and single crystal (Gu,Co,)GeO;, with
ported by the fact that above a certain doping Concentrat'orbompositions in the range 0.06X=<0.055. Due to large
the Neel temperature remains relatively constant. paramagnetic signal in these compounds, thel Kempera-

There is also evidence that the dopant ions influence thg, e and spin-Peierls temperature were determined by single
antiferromagnetic order. For Zn, Co, and Mn doping, the crystal microcalorimetry.

axis is the easy axis. However, for Ni doping, we have ob- “1pg regyits indicate that doping with Co on the Cu site is
served that for 2.0% Ni single crystals, thexis is the easy gimilar to doping with Zn, or Ni; the spin of the dopant plays

axis. Thus, the ions substituted for Cu ions also play a role iffje role except to add an underlying paramagnetism to the
the formatlon of the three-dimensional long-range a“t'fe”o‘magnetization data. As in the Ni- and Zn-doped systems,
magnetic ort_:igr. ) . increased Co doping leads to the suppressiohsgf and 3D
Our specific heat and magnetic susceptibility data showong range antiferromagnetic order. Since the spin of the
the existence of a second low-temperature ordering peak fQfopant plays little role in the general characteristics of the
x=0.0269. Because the susceptibility remains strongly parasniterromagnetic ordering— its temperature, anisotropic na-
magnetic below the initial peak at 5.1 K, the Co momentsy,re or the spin-flop behavior— we suggest that the mecha-
may not freeze out completely until the lower ordering tm-pism pehind the antiferromagnetic ordering is more depen-

perature, aff~2.0 K. _ o dent on interrupted copper chains than on the ions that do the
As a quantitative comparison of the effect of doping in thejnterrypting. However, there are clearly differences in the

CuGeQ system, consider Fig.(§), which displaysTy and  5te gt whichTs, is suppressedly as a function of doping
Tspas functions of cobalt concentration. A comparison of OUlconcentration, and even the easy axis directiowe have
results with reports of the effects of Sizn,'® and Ni(Ref.  compared the effect of Co doping to Si, Zn, and Ni doping,
10) doping indicates that doping with Si on the Ge site has)aseq on data in the literature and/or on our own
the most dramatic effect df, and leads to the formation of ‘measurement¥, and concluded that a higher concentration
the Neel state much lower concentrations than doping on they cg is required to suppreds,, and to form the Kel state
Cu site with Zn, Ni, or Co. Among the three transition metal pg|ow Tep- P
dopants, Zn has the most dramatic effectlapand on the  \ye have argued that the choice of cobalt as a doping
formation of the Nel state, while Co has the least dr?mat'cimpurity provides a unique opportunity to study the spin in-
effect. It should be pointed out that there is some disagreggractions that result in a singlet ground state for the undoped
ment in the literature at this time. However, the referencegystem. In particular, we have suggested that in the dimer-
cited above are consistent wlth magnetization measurementi. spin-Peierls state, cobalt impurity spins have a stronger
we have made on 2.0% Ni and 2.4% Zn single crystalsinieraction with unpaired copper spins than with the neigh-
Finally, preliminary magnetization measurements on M”'boring copper-copper dimer, and thus foSp,,+ Scu Spin
doped single crystals indicate that Mn may affect the systendiaies. Ouc-axis magnetization data support the hypothesis
even less than Co. that, at low concentrations, the cobalt ions dimerize with
copper ions below g, to form spin-one effective moments.
We have reported the dependence of the spin-flop critical
The published results for Ni, Zn, and Si dopifiRRefs. 10, field H. on temperature, and it agrees with expectation.
18, and 14, respectivelyndicate the coexistence of 3D long- Lastly, our cobalt-doped crystals clearly demonstrate the co-

C. Coexistence of spin-Peierls and 3D LRAF order
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existence of spin-Peierls order and long-range antiferromag- 1 )
netic order for a range of compositions. E=—K cos(9)— Zx.H Sin(9— 9y)
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